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CHAPTER 1. GENERAL INTRODUCTION 
Poplars 
The genus Populus (Salicaceae) is distributed widely in the Holarctic which is 
composed of temperate and cold regions of the northern hemisphere (FAO 1980) and is 
composed of Hve sections: Leuce, Aigerios, Tacamahaca, Turanga, and Leucoides (Dickman 
and Stuart 1983). Leuce is a large group containing the aspen and white poplars, which are 
of great economic importance. Aigeiros, considered the true poplars, contains the 
cottonwoods and black poplars. Tacamahaca, containing the balsam poplars, is the largest 
group of poplar species. The remaining two sections (Turanga and Leucoides) are considered 
to have minor importance for economical values. 
Trees of the genus Populus are of the dioecious type bearing staminate and pistillate 
flowers on separate plants. In general, the number of diploid chromosomes is 2n = 38 in 
most poplars. Poplars are used for paper and plywood production. Recently, they have been 
the focus in biomass energy plantations for the production of solid, alcohol, and gaseous 
fuels (Ahuja 1987, Hall et al. 1989). With conventional methods, poplars can be propagated 
by stem cuttings, root suckers, grafting, and green shoots (Behrens and Melchior 1978, 
Herrmann and Seuthe 1982). However, conventional vegetative propagation is limited by 
expense and limited availability of a specific genotype as a planting material (Ahuja 1987). 
Methods for in vitro propagation have been applied to overcome these limiting factors. 
Furthermore, as a model system for biotechnology programs, poplars have been intensively 
studied for in vitro micropropagation, genetic transformation, and gene expression. 
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Cottonwood leaf beetle 
The Cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: Chrysomelidae), is 
the major leaf defoliator in poplar plantations (Burkot and Benjamin 1979, Harrell et al. 
1981). The insects, distributed throughout the United States and northern Mexico, are 
multivoltine, maintaining four to seven generations each season (Brown 1956, Neel et al. 
1976, Harrell 1980). Damage from cottonwood leaf beetle has been reported on many 
species of Salix and Populus (Raupp 1982). The insects have specificity for each section of 
the genus. For example, they exhibit antixenosis (non-preference) for Leuce whereas the 
beetles show preference for the Aigeiros and Tacamahaca sections (Caldbeck et al. 1978, 
Wilson 1979, Harrell et al. 1981, Haugen 1985, Bingaman and Hart 1992). 
Even though conventional selection promises to be a powerful tool in breeding 
programs, many limitations are involved such as time consumption, cost, and labor. 
Therefore, biotechnological approaches show promise for use in the search for lines with 
insect resistance. 
Objectives of the study 
Among woody plants, poplars have been intensively studied in biotechnology 
programs. Most works were related to micropropagation and genetic transformation with 
aspens or their hybrids. Despite their economic importance, the cottonwoods or their hybrids 
have been rarely reported in the programs. Therefore, these species were used as the 
experimental materials for in vitro shoot proliferation. Moreover, the patterns of shoot 
formation were explained from the meristematic origins of explants. Besides the 
micropropagation studies, in vitro shoot abnormalities were investigated in aspen stomata 
and cell types through scanning electron and light microscopy. Finally, in vitro systems were 
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integrated as 'an advanced biotechnological approach' with the host plant resistance 
techniques of entomological science. An early screening method for the cottonwood leaf 
beetle has been developed based on genetic manipulation with transgenic poplars encoding 
the proteinase inhibitor II gene (pin 2) originated from potato. 
Dissertation organization 
The dissertation consists of four individual papers that will be submitted to scientific 
journals. Each paper contains an abstract, introduction, materials and methods, results and 
discussion, and literature cited. To integrate the individual papers, a general introduction and 
literature review are presented at the beginning of the dissertation and an overall summary 
and discussion, and literature cited in the general introduction and literature review are listed 
at the end of the dissertation. The plant materials for the fourth experiment were provided by 
the laboratory of Dr. Harold S. McNabb, Jr., Department of Plant Pathology, Iowa State 
University. Hoduck Kang is the principal investigator on all research herein, and he is the 
first author on the papers. Dr. Richard B. Hall served as the major professor for Hoduck in 
his research and is listed as second author on the most of the papers and fifth author in the 
fourth paper. Dr. Elwood R. Hart as a professor for the minor studies, 'Host Plant 
Resistance', is listed as second author on the fourth paper. All expenses for the experimental 
research and financial assistance for the Ph.D. candidate were provided from Dr. Hall's 
grants: mainly from the Experiment Station Project No. 3088 and partially from Subcontract 
No. 19X-43391C with Oak Ridge National Laboratory under Martin Marietta Energy System 
as the operating agent for the U.S. Department of Energy. 
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CHAPTER 2. LITERATURE REVffiW 
Biotechnological studies in poplar 
The genus Populus has many advantages as a model system for biotechnological 
research in trees because it contains a wide genetic diversity, many species hybridize readily, 
and most sections propagate relatively well. Moreover, a high micropropagation frequency is 
possible from meristematic tissues. 
Since 1980, poplars have been intensively studied for in vitro establishment. Many 
papers have been published on in vitro regeneration with poplars as summarized in Table 1. 
The types of shoot regeneration with organs or tissues are ordinarily classified into: (1) 
axillary shoot induction, or (2) adventitious shoot formation. The cultures for axillary bud 
induction are classified as 'morphous' shoots arising from the apical meristem or axillary bud. 
Apical meristems containing shoot primordia are capable of producing multiple shoots. 
Adventitious bud formation is designated as 'amorphous shoots' from the various explants of 
leaf, immature embryos, pollen, vascular or bark cambium, root, etc. Shoot proliferation 
from cells or calli is classified into organogenesis and somatic embryogenesis for in vitro 
regeneration. 
In vitro regeneration of poplars was reviewed by Ahuja (1987). The pioneer studies 
for in vitro shoot regeneration were conducted from the callus cultures of triploid quaking 
aspen (Winton 1968, Wolter 1968). To obtain Uiie-to-type plantlets, clonal propagation was 
established by axillary bud culture with three Populus species, Populus nigra, P. deltoides X 
P. nigra, and P. yunnanensis (Whitehead and Giles 1977). Clonal propagation also was 
accomplished with three different explants, leaf, root, and stem, of quaking aspen (Ahuja 
1983) and of Populus euramericana (Kang et al. 1994). Commercial-scale regeneration 
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Table 1. In vitro establishment with Populus species. 
Year Species Culture type Reference 
1977 
1977 
1981 
1982 
1984 
1989 
1983 
1984 
P. deltoides 
X P. nigra 
P. yunnanensis 
P. X euramericana 
(Dode) Guinier 
P. alba 
X P. glandulosa 
P. alba 
X P. glandulosa 
P. euramericana 
(Dode) Guinier '476' 
P. tremula, 
P. tremuloides 
P. X wilsocarpa 
P. tremula, 
P. tremuloides 
P. nigra, 
P. deltoides, 
P. tacamahaca, 
P. trichocarpa, 
P. alba, 
P. wilsonii, 
P. trichocarpa 
X P. tacamahaca 
Bud culture 
Bud 
shoot tip 
Bud 
Bud 
Bud 
Whitehead 
and Giles 
Lester and Berbee 
Kim et al. 
Kim et al. 
Bud 
Stem culture 
stem, leaf, and root Ahuja 
Ahuja 
Welander et al. 
Stem Douglas 
1985 P. trichocarpa 
X P. tacamahaca 
Stem intemode Douglas 
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Table 1 (continued) 
1988 
1980 
1987 
1988 
1983 
1990 
1994 
1983 
1988 
1984 
1986 
P. wilsonii, 
P. tacamahaca, 
P. trichocarpa, 
P. euramericana (Dode), 
P. maximowiczii 
X P. berolinensis 
P. deltoides, 
X P. trichocarpa 
P. trichocarpa, 
P. tremula 
X P. tremuloides 
P. ciliata 
P. alba 
X P. grandidentata 
P. maximowiczii 
X P. trichocarpa 
P.tremula, 
P. tremuloides 
P. alba 
X P. grandidnetata 
P. euramericana 
P. grandulosa 
P. deltoides 
P. deltoides 
P. davidiana 
X P. deltoides 
P. maximowiczii 
X P. glandulosa 
Meristem tips 
and node 
Rutiedge 
and Douglas 
Leaf culture 
Immature 
lamina discs 
Leaf, intemode, 
and root 
Leaf discs 
Root culture 
Bud, stem, leaf, 
and root 
Root 
Mehra and Cheema 
Chun 
Michler and Bauer 
Ahuja 
Son and Hall 
Stem, leaf, and root Kang et al. 
Anther culture 
anther Kimetal. 
anther Uddinetal. 
Embryo culture 
Immature embryo Kouider et al. 
Ovary, embryo Noh et al. 
7 
Table 1 (continued) 
1987 P. deltoides Immature embryo Savka et al. 
1993 P. alba 
P. nigra 
P. deltoides 
P. trichocarpa 
P. lasiocarpa 
P. trichocarpa 
X P. deltoides 
Ovary, embryo 
Callus culture 
Raquin et al. 
1968 P. tremuloides Callus Winton 
P. tremuloides Callus Wolter 
1970 P. tremuloides Callus Winton 
1975 P. tremuloides Callus Wolter and Gordon 
1986 P. tremuloides Callus Noh and Minocha 
1988 P. maximowiczii 
X P. trichocarpa, 
P. nigra var. charkowiensis 
X P. nigra var. caudina, 
P. nigra var. betulifolia 
X P. trichocarpa, 
P. nigra var. charkowiensis 
X P. deltoides, 
P. nigra var. betulifolia 
XP. nigra 
Callus Ostry and Skilling 
1988 P. nigra 
X P. maximowiczii 
Callus Park and Son 
1989 P. ciliata Cell suspension Cheema 
1990 P. deltoides Callus Coleman and Ernst 
1990 P. maximowiczii Callus Michler and Bauer 
1991 P. alba 
X P. grandidentata 
Callus Michler and Bauer 
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systems were established from axillary bud cultures of aspen and their hybrids (Christie 
1978) and from leaf and root cultures of quaking aspen and their hybrids (Ahuja 1984). 
Shoot tip cultures were reported in 12 commercial clones of poplar (Rutledge and Douglas 
1988). 
Stem cultures using node and/or intemode segments have been successfully 
established in poplar (Douglas 1984, Rutledge and Douglas 1988, Coleman and Ernst 1990, 
Kang 1991, Agrawal and Gupta 1991, Nadel et al. 1992). Plantlet regeneration was 
conducted with leaf cultures of Himalayan poplar, Populus ciliata (Mehra and Cheema 1980) 
and hybrid aspen (Chun 1987), Also, root segments were cultured for shoot proliferation 
from quaking aspen, aspen hybrids, and cottonwood hybrids (Ahuja 1983, Son and Hall 
1990, Kang etal. 1994). 
Haploid plantlets were produced from anther cultures of Populus glandulosa, 
P. deltoides, and P. maximowiczii (Kim et al. 1983, Uddin et al 1988, Stoehr and Zsuffa 
1990). In breeding programs, embiyo cultures have a potential to rescue aborting 
interspecific hybrids. Several cultures were reported with ovules or embryos of Populus 
species (Kouider et al. 1984, Savka et al. 1987, Raquin et al. 1993). 
Calli, defined as undifferentiated cells, are induced from various explant types, stem, 
leaf, root, embryo, pollen, or protoplasts. Many tissue culturists sometimes misunderstand 
the definition of callus culture. In general, any culture types that induce calli from root or 
leaf organs are not root or leaf cultures, but should be called callus culture. There are two 
pathways for plantlet regeneration from calli manipulation: organogenesis to form shoots 
directly from calli (unipolarity) and somatic embiyogenesis to go through embryogenic 
development (bipolarity). Callus cultures were primarily established with aspen (Winton 
1968, Wolter 1968) and quaking aspen (Winton 1970). In vitro plantlets were regenerated 
through organogenesis in Populus species (Noh and Minocha 1986, Park and Son 1988, 
Coleman and Ernst 1990). Somatic embryos have been obtained in poplar (Cheema 1989, 
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Michler and Bauer 1991). Somaclonal variation techniques make it possible to produce 
diverse germ lines with increased disease resistance characters. Somaclonal variants have 
been achieved from callus culture in hybrid aspens and cottonwoods (Lester and Berbee 
1977, Michler and Bauer 1988, Ostry and Skilling 1988, Noh and Minocha 1990, Son et al. 
1993). 
Physiological changes of in vitro cultured plantlets 
Vitrification is a physiological disorder affecting in vitro plantiets (Kevers et al. 
1984). Even though most of the vitrification studies have been related to herbaceous 
horticultural species, there are limited reports on vitrification in woody species (Letouze and 
Daguin 1987, Marin et al. 1988, McLaughlin and Kamosky 1989). The abnormalities are 
caused by various factors such as medium types (Earle and Langhans 1975), gelling agents 
(Debergh 1983), organics (Ziv et al. 1983, Zimmerman and Cobb 1989), inorganics (Vieiez 
et al. 1987), and plant growth regulators (Paques and Boxus 1987, Leshem et al. 1988). The 
reviews of vitrification are presented in Table 2. Vitrified plantiets in vitro have been shown 
to have malfunctional stomata (Brainerd et al. 1981, Ziv et al. 1987, Marin et al. 1988, 
Miguens et al. 1993), unorganized vacuolated spongy mesophyll cells (Earle and Langhans 
1975, Vieiez et al. 1987), large intercellular spaces (Brainerd et al. 1981), reduced 
epicuticular waxes (Sutter 1985), and low chlorophyll content (Phan and Letouze 1983, Ziv 
et al. 1983). Vitrified in vitro plantiets also have poor acclimatization after they are 
transferred to soil, making it difficult to use them for production (Debergh et al. 1981). The 
cellular volume is increased in vitrified plantiets (Vieitez et al. 1985, Von Arnold and 
Ericksson 1984, Paques and Boxus 1987). Vascular bundles are less developed in vitrified 
leaves (Ziv et al. 1983, Leshem 1983). Several rescue methods have been reported using 
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Table 2. The factors affecting vitrification of horticultural and woody species. 
Year Species Culture condition Morphological and/or 
physiological changes 
Reference 
1975 Dianthus 
caryophyllus 
Liquid or semi­
solid medium 
Unorganized 
mesophyll 
Earle 
and Langhans 
1981 Prunus 
insititia 
High relative 
humidity 
Reduced palisade, 
large intercelluar space, 
stomata malfunction 
Brainerd et al. 
1981 Cynara 
scolymus 
High amount 
of agar 
Decreased vitrification Debergh et al. 
1981 Prunus 
avium 
High levels 
ofNH4 
Vitreous shoots Riffaud and 
Comu 
1983 Dianthus 
caryophyllus 
Liquid or semi­
solid medium 
Low chlorophyll 
content 
Ziv et al. 
1983 Dianthus 
caryophyllus 
High amount 
of agar 
Decreased vitrification Leshem 
1983 Prunus 
avium 
Liquid medium Low chlorophyll 
content 
Phan 
and Letouze 
1984 Picea 
abies 
High agar content Decreased vitrification Von Arnold 
and Ericksson 
1985 Castanea 
sativa 
1/2 MS minerals Low phenols 
lignin 
Vieitez et al. 
1985 Maranta 
leuconeura, 
Chrysanthemum 
morifolium 
Liquid medium Reduced 
epicuticular waxes 
Sutter 
1985 Dianthus 
caryophyllus 
Liquid medium High amount 
of ethylene 
Kevers 
and Caspar 
1986 Picea 
sitchensis 
Liquid medium Thin cell wall, 
abnormal stomata, 
and low epicuticular 
waxes deposits 
John 
1987 Malus sp. Liquid medium Vitreous shoots, 
aerenchyma 
Paques 
andBoxus 
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Table 2 (continued) 
1987 Dianthus 
caryophyllus 
Liquid or semi­
solid medium 
Abnormal stomata Ziv et al. 
1987 Castanea 
sativa 
High concentration 
ofNH4 
Reduced scherenchyma 
Abnormal mesophyll 
Vieiez et al. 
1988 Prunus 
cerasus 
High relative 
humidity 
Stomatal malfunction Marin et al. 
1993 Datura 
insignis 
Unspecified Abnormal stomata Miguens et al. 
modifications of medium components (McLaughlin and Kamosky 1989, Sato et al. 1993). 
The accumulation of ethylene in vitro is also related to vitrification. The amount of ethylene 
was higher in vessels with vitrified plantlets cultured on liquid medium (Kevers et al. 1984, 
Kevers and Caspar 1985). Kevers et al. (1984) suggested that increased ACC (1-
aminocyclo-propane-l-carboxylic acid) and ethylene production are non-wounding responses 
to stress. They cause metabolic changes, which activate peroxidases (lAA and ACC 
oxidases). The increased peroxidase (isozymes) activities were detected in vitrified tissue of 
herbaceous and woody plantlets (Kevers et al. 1984). 
Resistance of transgenic poplar to insects 
There are several acceptable definitions for host plant resistance to insects: (1) "the 
characteristics which enable a plant to avoid, tolerate, or recover from the attacks of insects" 
(Snelling 1941), (2) "the relative amount of heritable qualities possessed by the plant which 
-- influence the ultimate degree of damage" (Painter 1951), (3) "the collective heritable 
characteristics by which a plant species, clone, or individual may reduce the probability of 
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successful utilization of that plant as a host by an insect species, biotype, or individual" (Beck 
1965). Host plant resistance can be classified into three functional categories: (1) 
antixenosis (non-preference), in which the plant acts as a poor host and the insect then selects 
an alternative host plant, (2) antibiosis, in which insect biology is adversely affected, (3) 
tolerance, an ability of the host plant to withstand, or to recover from insect damage (Painter 
1951). In tree breeding programs, emphasis is placed on the host plant to minimize the 
damage from pest insects. In genetic transformation systems, the insertion of genes has been 
the main approach. Antibiosis is composed of two different classes, biophysical and 
biochemical factors (Beck 1965). Biophysical factors include plant morphological structures, 
trichomes, leaf thickness, needle structure, tissue strength, and plant secretions such as resin. 
Biochemical factors can be classified into two types, physiological inhibitors 
(allelochemicals) and nutritional deficiencies. Allelochemicals are defined as secondary 
metabolites that are produced by an individual of one species and that affect the growth, 
behavior, or population of other species. Allelochemicals such as alkaloids, ketones, and 
organic acids are toxic to insects. Even though the alkaloids mediate resistance to insects, 
they are sometimes utilized in pharmacological studies. Both alkaloids and terpenes mediate 
antibiosis in host plants (Greany et al. 1983). Plant proteins act as toxins against insects. 
Resistant cowpeas contain higher levels of trypsin and chymotrypsin inhibitors than 
susceptible cultivars (Gatehouse et al. 1979). Food quality is an important factor for the 
maintenance of an insect population (Stanton 1983, Faeth 1987), and nutritional deficiencies 
are also related to reduced insect growth. Niraz et al. (1985) suggested that protein content 
and related protease activity levels of European wheat cultivars were correlated to resistance 
to cereal aphids. 
Populus species have been extensively studied for selecting clones resistant to 
pathogens, insects, and herbicides. The examples of studies related to resistance and 
resistance mechanisms are summarized in Table 3. Leaf defoliation significantly reduces 
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Table 3. Host plant resistance studies in Populus species. 
Year/ 
Reference 
Selections Contents of host plant resistance 
1978 
Caldbeck 
et al. 
1981 
Harrell 
et al. 
1982 
Harrell 
etal. 
1982 
Bassman 
et al. 
P. alba, 
P. X euramericana, 
P. tristis 
X P. balsamifera, 
P. deltoides 
X P. balsamifera, 
P. candicans 
X P. berolinensis, 
P. deltoides 
X P. trichocarpa, 
etc. 
P. alba X 
P. grandidentata, 
P. nigra 
X P. laurifolia, 
P. betulifolia 
X P. trichocarpa, 
P. X euramericana, 
P. tristis 
X P. balsamifera, 
P. angulata 
X P. trichocarpa, 
P. candicans 
X P. berolinensis, 
P. angulata 
X P. plantierensis 
P X euramericana 
P. cv. betulifolia 
X P. trichocarpa, 
P. cv. tristis 
Host resistance was tested with 33 poplar clones from the 
three major sections. Among them, two clones with P. 
alba parentage had no damage. Shoot height growth was 
reduced as much as 80% in susceptible clones. 
Tissue-culture plant materials were used for insect 
feeding after transplanting to a nursery. Adults showed a 
significant non-preference for the Leuce section when 
compared to the Aigeiros and Tacamahaca sections. 
Adults also showed preferences for pure Tacamahaca 
foliage when compared to pure Aigeiros, and for clones 
of 75% Tacamahaca when compared to 50% 
Tacamahaca. 
Tissue-culture succulent leaves were used for larvae 
feeding. Larvae fed equally on all leaves with water 
contents greater than 73%. Larvae fed immature 
succulent leaves had shorter developmental times than 
those reared on mature leaves. 
Insect damage on hybrid poplars reproduced from rooted 
tip cuttings was simulated to assess potential growth 
impact under nursery conditions. Defoliation of 75 to 
80% reduced growth 20%, whereas defoliation of 40% 
had a negligible effect on growth. 
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Table 3 (continued) 
1990 
Riemen-
schneider 
1991 
Hart et al. 
1992 
Bingaman 
and Hart 
1993 
Bingaman 
and Hart 
P. deltoides, 
P. maximowiczii, 
P. balsamifera, 
P. grandidentata 
X P. alba 
P. deltoides, 
P. nigra, 
P. deltoides 
X P. nigra, 
P. trichocarpa, 
P. maximowiczii, 
P. balsamifera 
P. deltoides 
X P. nigra, 
P. deltoides var. 
angulata 
X P. nigra var. 
plantierensis, 
P. deltoides, 
P. tristis 
X P. balsamifera, 
P. deltoides var. 
angulata 
X P. trichocarpa, 
P. balsamifera var. 
candicans 
X P . X  
berolinensis 
P. deltoides 
X P. nigra, 
P. tristis 
X P. balsamifera, 
P. deltoides var. 
angulata 
X P. trichocarpa, 
P. balsamifera var. 
candicans 
X P. berolinensis, 
P. alba 
X P .  
grandidentata 
Resistance of seedlings from 95 intra- and inter-specific 
hybrid Populus families and 27 F2 families of P. 
deltoides to Agrobacterium tumefaciens strain C58 v^fere 
evaluated. Hybrid families of contrasting susceptibility 
may be useful in the study of the biochemical control with 
tree species. 
Insect larvae were tested with the excised leaves of 31 
clones with Aigeiros and Tacamahaca parentage. Several 
clones showed different levels of effect on the 
developmental biology of the insects. 
Feeding and oviposition preferences of adult cottonwood 
leaf beeties were tested among leaf age classes of six 
clones by leaf plastochron index (LPI). Significant 
differences among clones and leaf age classes were 
observed. Correlations were found between leaf 
consumption and percentage of leaf consumed and the 
distribution of egg masses among the leaf age classes 
Phenolic glycosides from different leaf age classes were 
examined for salicin, salicortin, and tremulacin 
composition and concentration. Significant differences 
were observed between leaf ages and clones. They 
suggested that salicin and salicortin do not negatively 
influence host selection whereas tremulacin may 
negatively influence insect behavior. 
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height growth and promotes access by secondary pathogens (Kulman 1971, Solomon 1985, 
Richenbacker 1994). Different Populus clones exhibit various levels of resistance to 
Cottonwood leaf beetle. The insect indicated non-preference for the Leuce selections and 
variable levels of preference for Tacamahaca and Aigeiros clones (Caldbeck et al. 1978, 
Harrell et al. 1981). In clonal tests, most P. deltoides clones and Aigeiros section hybrid 
clones were heavily infested in multiple choice tests of clonal preference (Bingaman and Hart 
1992). Clones suitable for adult feeding also were preferred for oviposition (Bingaman and 
Hart 1992). An early study of Cottonwood leaf beetle was conducted with 33 clones of 
poplar (Calbeck et al. 1978). They indicated that the damage potential of cotttonwood leaf 
beetle on the tested clones affected the initial growth of plantation plantings. A further test 
with a sub-set of 12 clones was used to determine host species preference (Harrell et al. 
1981). They reported that the Leuce section showed a high level of resistance. Preference 
was shown for Tacamahaca sections over Aigeiros sections. Further, host plant resistance 
studies were also conducted with P. euramericana produced by tissue culture (Harrell et al. 
1982). They founded that larval development time was shorter on younger, succulent leaves 
than on mature leaves. Thirty one clones of poplars with Aigeiros and Tacamahaca 
parentage were evaluated for resistance to cottonwood leaf beetle by an excised leaf 
technique (Hart et al. 1991). They reported that several clones showed different levels of 
resistance through their effects on developmental biology of the insects. 
The larvae of salicaceous-feeding chrysomelids secrete from eversible glands the 
defensive chemical salicyl aldehyde that is derived from salicin and other phenolic glycosides 
in poplar leaves (Wallace and Blum 1969, Deroe and Pasteels 1982). Phenolic glycosides, 
secondary metabolites, were extracted from several clones of the Aigeiros and Tacahamaca 
(Bingaman and Hart 1993). They suggested that salicin and salicortin did not negatively 
influence, whereas tremulacin may negatively influence host selection. Moderate levels of 
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salicin and salicortin were preferred for both feeding and oviposition (Bingaman and Hart 
1993). 
Leaf defoliation reduces photosynthetic activity of plant metabolisms and also 
reduces biomass production (Kulman 1971). Bassman et al. (1982) examined the effects of 
simulated insect damage on early growth of nursery-grown hybrid poplars in northern 
Wisconsin. They reported that defoliations of 75 to 80% reduced growth by 20%, while 
defoliation of 40% caused negligible growth impact in the nursery. A recent study more 
closely quantified the impact of artificial defoliation on the growth, biomass production, and 
total non-structural carbohydrate concentration (Reichenbacker 1994). It was reported that 
defoliation level had significant effects on all growth parameters except branch numbers. 
Since 1985, biotechnological approaches have been emphasized to produce 
genetically variable lines for insect resistance characters. Plantlets derived from cells or 
tissue culture are referred to as somaclones. Somaclonal variation can occur as a result of 
changes in chromosome number and structure, point mutation, mitotic recombination, and 
the amplification, deletion, transposition or methylation of DNA sequences in nuclear, 
mitochondrial or chloroplast genomes (Karp and Bright 1985, Lorz and Brown 1986, Lee and 
Phillips 1988, Phillips et al. 1990). The occurrence of somaclonal variation has been 
mentioned previously in species. 
An in vitro rearing technique was successfully developed for cottonwood and 
imported willow leaf beetle by an artificial diet (Bauer et al. 1990). They mentioned that this 
method proved useful for rearing larvae and maintaining adults during periods when fresh 
foliage was limited. 
Much forest insect management in the past was based on chemical sprays. More 
recently, emphasis has been placed on host plant resistance. Even though the resistant lines 
have been developed in tree breeding programs, the major limiting factor is the time and 
labor to obtain resistant lines. Therefore, biotechnological approaches can be useful to 
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enhance resistance to insect pests. Of course, preliminary work should continue through both 
approaches to identify resistant genes and develop methodologies for improved resistance. 
Gene transfer and recombinant DNA technology provide opportunities for enhancing 
insect resistance in Populus species. Among the recent review papers that have been 
published, one on wound-responsive gene expression in poplars (Bradshaw et al. 1991) and 
one on genetic engineering of insect resistance in forest trees (Strauss et al. 1991) are 
especially noteworthy. The reports related to the transformation of poplar are presented in 
Table 4. Two genes have been reported for enhancing insect resistance: (1) the toxin gene 
from Bacillus thuringiensis (B.t.) and (2) proteinase inhibitor genes from other plant species. 
Bacillus thuringiensis is a gram-positive soil bacterium characterized by its ability to produce 
crystalline inclusions during sporulation in the insect midgut The products of radical 
resistance genes, such as the B. t. toxin gene, are relatively pest-specific and pesticidal in 
activity in Populus. The transformation system in Populus was conducted with hybrid aspen 
{Populus alba X P. grandidentata) by electric discharge particle bombardment (McCown et 
al. 1991). The products of subtle genes, such as the proteinase inhibitor genes, reduce the 
growth and reproduction of the insect or pathogen, decreasing the nutrient value of host 
tissue and not causing direct mortality. Proteinase inhibitor proteins are found in plants to 
protect both storage organs and vegetative tissues against attacking herbivores (Rhodes 
1979). Serine proteinase inhibitors are found in storage organs of plants such as seeds and 
tubers, where they are developmentally regulated and are also found in vegetative tissues 
such as leaves, where they are synthesized in response to insect attacks or other types of 
severe wounding (Ryan 1978, Goldberg 1986). The inhibitors are considered as defensive 
proteins against herbivores and pathogens because they can interfere with the digestive 
processes of insects that utilize proteinases to hydrolyze food proteins in order to obtain 
amino acids for growth, development and maintenance (Ryan et al. 1990). The 
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Table 4. Genetic transformation in Populus species. 
Year/ 
Reference 
Species Contents of genetic transformation 
1986 
Parsons 
et al. 
1987 
Fillatti 
etal. 
1988 
Chun 
et al. 
1990 
Block 
1990 
McNabb 
et al. 
1991 
Brasileiro 
etal. 
1991 
Klopfenstein 
et al. 
P. trichocarpa 
X P. deltoides 
P. alba 
X P .  
grandidentata 
P. alba 
X P .  
grandidentata 
P. alba 
X P. tremula, 
P. trichocarpa 
X P. deltoides 
P. alba 
X P .  
grandidentata 
P. tremula 
X P. alba 
P. alba 
X P .  
grandidentata 
('Hansen" clone) 
Regeneration ability suggested that poplars may prove a 
valuable model system for recombinant DNA technology. 
They first demonstrated the stable transformation of 
hybrid poplar cells by Agrobacterium tumefaciens. 
Leaf explants were co-cultured v/ith Agrobacterium 
tumefaciens on a tobacco nurse culture. Both oncogenic 
and disarmed strains harboring a binary vector containing 
two neomycin phosphotransferase II (NPT H) and one 
bacterial 5-enolpyruvyl-shikimate 3-phosphate (EPSP) 
synthase chimeric gene fusions were used. 
An insect resistant gene, proteinase inhibitor n (pin 2) 
gene isolated from potato was transformed by the 
application of a binary vector system. 
Factors affecting the regeneration and the transformation 
of hybrid aspen were tested. The transformed plantlets 
were completely resistant to the commercial herbicide, 
phosphinotricin (glufosinate). 
Transgenic poplars were planted with nontransformed 
poplars of the same clone in the field. The planting was 
the first approved field release of a transgenic woody 
plant under USDA permission in the United States, 
Micropropagated shoots of poplar were inoculated with 
six different wild-type Agrobacterium strains. TTiey 
suggested that W\\d-iy^Q Agrobacterium strains inducing 
shoot formation direcdy from tumors can be used as a 
tool for gene transfer. 
A hybrid poplar clone, 'Hansen', was transformed with a 
constructed wound-inducible potato proteinase inhibitor 
(pin 2) - chloramphenicol acetyltransferase (CAT) 
chimeric gene lii^ed to a nopiine synthase (nos) -
neomycin phosphotransferase II (NIT II) selectable 
marker gene. 
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Table 4 (continued) 
1991 
McCown 
etal. 
1992 
Heuchelin 
et al. 
1992 
Ebinuma 
et al. 
1992 
Leple 
etal. 
1993 
Klopfenstein 
et al. 
1993 
Hollick and 
Gordon 
1994 
Confalonieri 
etal. 
P. alba X P. 
grandidentata, 
P. nigra 
'Betulifolia' 
X P. trichocarpa 
P. nigra 
X P. deltoides 
(P. euramericana) 
P. sieboldii 
X P .  
grandidentata 
P. tremula 
X P. alba 
P. alba X P. 
grandidentata. 
Stable transfonnation was conducted with protoplasts, 
nodules, and stems by electric discharge particle 
acceleration. The plasmid used (18.7 kb) contained NOS-
NPT, CaMV 35S-GUS, and CaMV 35S-BT (Bacillus 
thuringiensis toxin gene). The transformed plantlets were 
highly resistant to two lepidopteran pests, forest tent 
caterpillar and gypsy moth. 
Transformants were obtained from the co-cultivation of 
leaves using ihe Agrobacterium binary vector system. 
The plasmid, pRT 104, contained proteinase inhibitor II 
(pin2) regulated by GaMV 35S promoter, and a selectable 
marker as neomycin phosphotransferase II (NPT H). 
T-DNA oncogenes (iaoM or iaaH) were introduced into 
tobacco and a poplar clone. Inhibition of crown gall 
formation was investigated in transgenic plants. 
Leaf and stem explants were co-cultivated either with an 
octopine or a nopaline disarmed Agrobacterium 
tumefaciens modified strain. 
Transfonnation was conducted with chimeric plant 
defense gene constructs based on the potato proteinase 
P. X euramericana inhibitor II (pin2) gene. Tissue-specific expression of 
(Dode) Guinier 
P. trichocarpa 
X P. deltoides 
P. nigra 
nos-NPT H was evaluated in leaves, petioles, stems, and 
roots of one transgenic poplar (Trl5). 
The wound-inducible gene (winS) was identified. It was 
similar to Kunitz-type trypsin inhibitors. The isolated 
gene was expressed in transgenic tobacco plantlets. 
Two clones of Populus nigra were transformed by the co-
cultivated leaves technique and tested for susceptibility to 
three different Agrobacterium tumefaciens wild-type 
strains. 
transformations encoding proteinase inhibitor II (pin2) were demonsU*ated in hybrid 
aspen and hybrid cottonwood (Thomburg et al. 1987, Chun et al. 1988, Heuchelin et al. 1992, 
Klopfenstein et al. 1993). 
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CHAPTER 3. LIGHT AND SCANNING ELECTRON MICROSCOPE STUDIES OF 
SHOOT FORMATION IN DEVELOPING OVULES OF COTTONWOOD 
iPOPULUS DELTOIDES) 
A paper prepared for submission to Plant Cell Reports 
Hoduck Kang and Richard B. Hall 
Department of Forestry, Iowa State University, Ames, lA 50011, USA 
ABSTRACT 
Ovules of Populus deltoides were isolated from developing capsules and cultured on 
woody plant medium (WPM) containing a vitamin mixture supplemented with cytokinins, 6-
benzylaminopurine (BAP) and 2eatin. Multiple shoots were obtained with immature ovules 
after 20 days from pollination. Generally, zeatin was better than BAP in inducing multiple 
shoots. The highest average number (56.1 ± 7.4) of shoots was produced from the immature 
ovules of 20 days post-pollination on WPM medium supplemented with 5.0 mg/1 zeatin. The 
average percent of in vitro germination was over 96,6 ± 4.2 % with the immature ovules of 
20,26, and 32 days post-pollination on BAP and zeatin. Roots were formed after small 
clumps of shoots were transferred to half strength medium containing IBA 0.02 mg/1. A 
survival rate of 97% was achieved during the transfer of plantlets to a greenhouse 
environment. Light and scanning electron microscopes were used to investigate shoot 
initiation and development from immature embryos and expanded cotyledons after 1 month 
in vitro culture. 
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Key words: Immature ovule culture, Populus deltoides, shoot formation, light and scanning 
electron microscopy. 
Abbreviation: BAP: 6-benzylaminopurine; 2-iP: 6-(Y,Y-Dimethylallyamino)-purine; 
WPM: Woody Plant Medium; N and N: Nitsch and Nitsch vitamins; PGRs : Plant Growth 
Regulators. 
INTRODUCTION 
Among tree species, the genus poplar has been widely studied for plant regeneration 
from axillary buds (Coleman and Ernst 1990), stem intemodes (Douglas 1984), leaf discs 
and root segments (Kang et al. 1994), callus (Noh and Subhash 1986, Son and Hall 1990), 
and protoplasts (Russel and McCown 1986). Cottonwood, Populus deltoides, is considered 
as an ideal species for biomass energy production because of its rapid growth. However, the 
yield is significantly reduced by cottonwood leaf beetle as an important defoliating pest in 
North America (Harrell et al 1981). 
Plant tissue culture has been developed to become a powerful tool for 
micropropagation, tree improvement, and basic physiology studies. In breeding programs, 
there is often a major problem with abortion after hybridization. Immature ovules before 
they abort can be cultured to rescue them, as has been done in Calotropis gigantea (Roy and 
Deepesh 1990), Taxus (Flores and Sgrignoli 1991), md Lilium (Van et al. 1991). For 
micropropagation, immature ovule culture can be easily established and provide early cloning 
from each genetically distinct ovule. Our preliminary studies (no data presented) indicated 
that ovule culture might be also adopted for genetic transformation of Populus deltoides via a 
particle bombardment system. The regeneration from leaf discs in Populus deltoides is 
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limited when Agrobacterium-mQd\B.\&d transformation systems are used. Immature embryos 
have been used for genetic transformation by particle bombardment in wheat (Chibbar et al. 
1991). In our preliminary studies, the P-Glucuronidase (GUS) gene was transiently 
expressed in immature ovules of Populus deltoides with the pBI 221 plasmid inserted by 
biolistics. 
Immature ovules have been successfully cultured in Populus deltoides (Kouider et al. 
1984, Noh et al. 1986, Savka et al. 1987, Raquin et al. 1993). However, the processes of 
shoot formation were not clear. Our studies are focused on the processes of shoot formation 
from immature ovules via light and scanning electron microscopy. We also found that the 
frequency of shoot regeneration was substantially increased by zeatin treatment. 
MATERIALS AND METHODS 
Plant materials and shoot induction medium for explant culture 
Capsules were collected in May, 1992 from 10 to 15 year-old tree of Populus 
deltoides in the Ames, lA area. Collections were started at 14 days after stigma receptivity 
and were repeated at day 20,26, and 32. Capsules were sterilized with 70% ethanol for 1 
min., 20% Clorox for 20 rain, and then rinsed four times with distilled water. Immature 
ovules were isolated aseptically from the capsules and inoculated onto the surface of 20 ml of 
WPM medium containing different types and various concentrations of PGRs. The 
cytokinins, BA, zeatin, kinetin, and 2-iP, were used at concentrations of 0.1,0.2,0.5,1.0,2.0, 
and 5.0 mg/1. The medium contained N & N vitamin mix (Nitsch and Nitsch 1969), sucrose 
30 g/1, and Sigma agar 7 g/1. The medium was adjusted to pH 5.8 before the addition of agar 
and autoclaved at 1.05 kg cm-2 pressure and 121°C for 20 min. After 1 month, the number of 
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shoots was measured and observations were made with scanning electron microscopy and 
light microscopy after sectioning. 
Sample preparation for light and scanning electron microscopes 
Clumps of multiple shoots were fixed into a solution of formalin : acetic acid : 
ethanol (FAA; 10; 5 : 85) for 2 hours at room temperature and washed three times with 
distilled water for 15 minutes. The samples were dehydrated in an ethanol series of 10,30, 
50,70,95, and 100% for 15 min. each, and then moved to 100% xylene with three changes 
for 15 min. each. Finally, the samples were transferred to 50% wax in xylene. Shoot 
samples were imbedded in 100% wax solution overnight and sectioned by ultramicrotome. 
The sectioned materials were mounted on slides with Haupt's adhesive containing 1 g gelatin 
and 2 g phenol in 100 ml distilled water and incubated overnight in a 60®C oven. 
In order to stain sections mounted on slides, the specimens on slides were dissolved in 
xylene and washed with 100% ethanol. To increase the contrast of images, a double staining 
method was applied in solutions of 1% of Fast Green and 1% of Safranin followed by three, 
five-minute rinses in distilled water. The specimens were dehydrated again with solutions 
(10,20,35,50,70,95, and 100%) of ethanol and then rinsed with xylene. Permount 
mounting medium was dropped on the slide containing the specimen and a cover glass was 
pressed in place. Procedures of light microscopy were followed a process described by 
Stokke (1985). 
To prepare specimens for scanning electron microscopy, small clumps of multiple 
shoots were mounted directly and observed in three-dimensional view. 
Shoot elongation and transfer to soil 
Multiple shoots were transferred to Magenta GA-7 culture vessels for shoot 
elongation on the same medium (half strength) containing 0.02 mg/1 IB A and allowed to 
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grow for one month in a culture room. The cultures were maintained in a culture room at 25 
± l^C mean day temperature, 23 ± 1®C mean night temperature. Photoperiod was set at 16 h 
with an irradiance of 50-60 wEm-^S-i provided by cool-white fluorescent tubes. In vitro 
germination was recorded as successful for any explants that produced at least one shoot 
The total number of shoots / explant was observed after four weeks of initial culture. Rooted 
plantlets were transplanted to soil in a cell tray after agar was removed with tap water. The 
plantlets were acclimated under shaded, intermittent mist for two weeks, transferred to a 
regular greenhouse bench under shade, and grown for one month. Survival data were 
collected after this one month period in the greenhouse. Analysis of variance (General 
Linear Model) for a completely randomized design (one-way ANOVA) was applied to 
interpret the data from the experiment. Each treatment was composed of 5 to 6 replications 
and every replication contained 5 explants of immature ovules. 
RESULTS AND DISCUSSION 
Shoot proliferation 
After 2 weeks of culture, the explants of immature ovules on proliferation medium 
supplemented with zeatin, BAP, kinetin, or 2-iP produced multiple shoots. Shoot formation 
was significantly affected by the types and the concentrations of plant growth regulators 
(BAP and zeatin) and the degree of embryo maturation (Table 1). Also, there were variations 
in the site of shoot induction. Even though the shoots were mainly produced from immature 
embryos, the ends of expanding cotyledons also produced small shoots (Fig. 1-1, an arrow 
indicates the shoot initiation from the expanded cotyledon). However, the shoots generated 
from the cotyledons were hard to elongate in auxin (IBA) medium. 
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Among the cytokinins, zeatin and BAP worked well for shoot induction. However, 
kinetin and 2-iP produced less than 1 shoot on average (no data presented). The highest 
average number (56.11±7.39) of shoots was obtained with 5.0 mg/1 zeatin. However, the rate 
of growth for elongation produced from zeatin was slower than that from BAP. Coleman 
and Ernst (1990) suggested that zeatin was more effective than BAP for shoot proliferation 
from axillary bud explants of Populus spp. Similar results were reported from root culture of 
Populus alba x P. grandidentata (Son and Hall, 1990). 
An normal capsule contains 15 to 20 ovules in a natural condition. However, the 
developmental stages are not equal within a capsule. In general, the growth is relatively 
faster in the more centrally-located ovules. Therefore, ovule position within a capsule 
affected the induction of multiple shoots. The higher concentration of cytokinins were more 
effective in enhancing the frequency of multiple shoots. The age of the explants had a strong 
influence on the production of multiple shoots. From the 14-day explants, no more than an 
average of 1 shoot was induced. Therefore, the germination efficiency was quite low when 
compared to more mature explants. Figures 3 and 4 show that shoot formation was highly 
dependent on the degree of ovule maturation in the treatments with BAP and zeatin. A 
higher concentration, 5.0 mg/1, of BAP produced more shoots (20.30 ± 5.28). Among the 
developmental times, 20-day immature ovules were the best explants for shoot proliferation. 
The explants from 32-day ovules produced less shoots (6.1 ± 0.8) in the highest 
concentration of zeatin. 
The capacity of germination from in vitro culture was strongly dependent on the 
maturation of embryos (Table 2). However, PGRs, BAP and zeatin did not affect in vitro 
germination. In overall, a germination rate of 96.6 ± 4.2% was obtained from 20 to 32 day-
old explants with zeatin and BAP treatment (Fig. 5). Similar results have been reported with 
Populus spp. by Kouider et al. (1984). They suggested that multiple shoots (2 to 30) were 
produced from immature ovules with 14 to 21 days maturation on a modified Murashige and 
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Skoog medium containing 0.5 mg/1 BAP. The following papers have been published on 
ovary cultures for poplar hybridization. Noh et al. (1986) treated stigma and/or pollen with 
n-hexane to overcome interspecific barriers and then used ovule culture to rescue the hybrids. 
Recently, Raguin et al. (1993) developed a direct in vitro culture method for Populus ovules 
in which half exised capsules were inoculated into MS medium. A liquid culture method was 
developed for rescuing immature ovule of eastern cottonwood (Savka 1987). However, shoot 
developmental patterns were not reported in these papers. 
Shoot elongation and hardening to soil 
Shoots regenerated from immature embryos were excised and transferred to Magenta 
GA-7 boxes (7.6 x 7.6 x 10.2 cm) containing elongation medium (half strength WPM) 
supplemented with 0.02 mg/1 IBA. After 2 months of subculture, the plantlets fully 
elongated in vitro (Fig. 1-2 and 3). When higher concentrations of IBA were tested, the 
induced roots showed malformations such as thicker diameter and stunted length. After 
removing the agar, the expanded plantlets were transferred to cell trays containing an 
artificial soil mixture (vermiculite : perlite: peat = 1:1:1 by volume) in a shaded mist 
bench under greenhouse conditions. After 2 weeks, these plantlets were moved to a regular 
bench. Greater than a 97% (no data reported) survival rate was achieved (Fig. 1-4). 
Observations from light and scanning electron microscopes 
The shoot clumps grown for 2 weeks were used for observations with light and 
scanning microscopes. For preparation of light microscope specimens, the formalin acetic 
acid (FAA) worked well for sample fixation. 
Shoot formation was clearly observed in the scanning electron microscope studies. 
Figures 2-1 to 2-4 illustrate shoot development from the explants after 20 days from 
pollination. Multiple shoot primordia appeared from the explant of immature ovules (Fig. 2-
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1 and 2-2). After cotyledons expanded in the culture, these explants also could induce shoot 
primodia (Fig. 2-3 and 2-4). Meristemic cells are detectable as clear tissues, compared to the 
epidermal cell layer which was differentially stained (Fig. 2-5 and 2-6). 
In conclusion, the system for shoot proliferation was developed and the regeneration 
frequency was substantially increased by the zeatin treatment. The developmental patterns 
also were clearly shown through the scanning electron microscopy and the sectioning of 
shoot forming explants. Our results suggest that the regeneration system developed from 
immature ovules might be possible for stable genetic transformation for tree improvement 
programs. 
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Table 1. Analysis of variance (general linear model) for the average number of shoots after 
one month in vitro culture of immature ovules of Populus deltoides. 
Source df SS MS F Value Pr.>F 
PGR 1 31.91 31.91 4.30 0.0396 
Day 2 1002.47 501.24 67.51 0.0001 
Concentration 6 6575.38 1095.90 147.61 0.0001 
Replication 5 109.35 21.87 2.95 0.0140 
PGR*Day 2 263.07 131.53 17.72 0.0001 
PGR*Conc. 6 920.52 153.42 20.66 0.0001 
PGR*Day*Conc. 24 5587.45 232.81 31.36 0.0001 
Error 175 1299.26 7.42 
Figure 1. Shoot formation from immature ovules of Populus deltoides. (1) Shoot initiation from immature embryo 
and expanded cotyledon, an arrow indicates fiie multiple shoots from the cotyledon, (2-3) Shoot elongation 
of multiple shoots in half strength medium containing 0.02 mg/1 IBA, (4) Plants after transplanting to soil mix 
and six weeks of growth in greenhouse. 

Figure 2. Shoot initiation observed via scanning electron and light microscopes with 
immature ovules of Populus deltoides. (1) Multiple shoots formed on WPM 
supplemented with the 5.0 mg/1 zeatin (X 60), (2) Shoot primordia formation 
(X200), (3) Multiple shoots from cotyledon of 30), (4) 
Shoot primordia formation (X 60), (5) Longitudinjd section of multiple shoots 
from immature embryos (X 40), (6) Meristem cells are loosely organized with 
the differentiated shoots (X 200). SP = shoot primordia; SA = shoot apex; 
St = stomata; M = meristem. 
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Figure 3. The effect of BA on shoot proliferation from immature ovules of Populus 
deltoides dlXex 20,26, and 32 days pollination. The vertical bars on the graph 
show the standard error. 
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Figure 4. The effect of zeatin on shoot proliferation from immature ovules of Populus 
deltoides after 20,26, and 32 days from pollination. The vertical bars on the 
graph show the standard error. 
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Table 2. Analysis of variance for the percent of germination from in vitro ovule cultures 
of Populus deltoides. 
Source df SS MS F Value Pr.>F 
PGR 1 0.79 0.79 0.04 0.8396 
Day 3 91702.33 30567.44 1595.53 0.0001 
Replication 6 146.42 24.40 1.27 0.2900 
PGRs*Day 3 17.08 5.69 0.30 0.8273 
Error 42 804.64 19.16 
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Figure 5. The percent of in vitro germination from the culture of Populus deltoides 
immature ovules on WPM medium containing the different PGRs. 
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CHAPTER 4. SHOOT PROLIFERATION FROM IN VITRO NODAL CULTURES OF 
COTTONWOODHYBRlDiPOPULUSDELTOIDESXP.NIGRA) 
A paper prepared for submission to Plant Cell Reports 
Hoduck Kang and Richard B. Hall 
Department of Forestry, Iowa State University, Ames, lA 50011, USA 
ABSTRACT 
Four different explant types; node, intemode, node with the axillary bud excised 
(modified node), and reutilized stem of Populus euramericana were cultured on Murashige 
and Skoog (MS) basal media supplemented with either 6-benzylaminopurine (BAP) or zeatin 
as plant growth regulators. From these explants, the most shoots were produced from the 
axillary meristems. Shoots also originated from the vascular cambium and occasionally the 
lenticels. The conventional method of directly using node explants produced an average of 
5.7 + 0.6 shoots with a treatment of 2.0 mg/l zeatin. However, shoot production was better 
with two other explants and treatments; 21.7 ± 1.1 from intemode and 29 ± 0.9 from 
modified node, using 0.5 mg/l BAP and 2.0 mg/l zeatin in both cases. Shoot formation from 
lenticels was investigated by examining thin sections with a bright field light microscope and 
intact specimens with a stereo microscope. 
Key words: Populus deltoides X P. nigra, shoot proliferation, nodal culture, phellogen, 
lenticel. 
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INTRODUCTION 
In vitro propagation is an alternative method for cloning and for gene manipulation. 
Ordinarily, there are two kinds of strategies for shoot proliferation; (1) organogenesis 
through axillary or adventitious bud formation or (2) somatic embryogenesis through callus 
or cell suspension cultures. For inducing axillary buds, shoots can be produced from either 
shoot tips or nodes as the explant materials. Adventitious shoots can be formed from leaf or 
root segments, etc. Among explant types, nodal culture, as the simplest method, can induce 
axillary or adventitious buds for shoot propagation. Somatic embryogenesis can be obtained 
from embryogenic calli induced from leaf, root, stem, embryo, pollen, or protoplasts. 
However, callus cultures have the potential to produce somaclonal variation while axillary 
bud culture is a more reliable cloning technique for producing true-to-type plantlets. Shoot 
proliferation derives from the three different original cell types; the apical meristem of the 
axillary bud in node cultures, the vascular cambium around the several ends of the node, and 
the bark cambium or phellogen in the vicinity of lenticels which are structurally 
differentiated portions of the periderm that serve a respiratory function. Most reports of plant 
regeneration are based on apical meristem propagation. 
Populus species can be classified into several sections including the Leuce (aspen) 
and Aigeiros (cottonwood) sections. Because of the ease of in vitro establishment, most 
micropropagation studies have been conducted with aspen species using stem (Ahuja 1983), 
bud (Kim et al. 1982, Ahuja 1983), leaf (Ahuja 1983, Park and Son 1988), root (Son and Hall 
1990), or callus (Wolter 1968, Winton 1968, Chalupa 1975, Son and Hall 1990, Michler and 
Bauer 1991). However, there are relatively few reports of shoot proliferation from embryos 
(Kouider et al. 1984, Savka et al. 1987) and anthers (Uddin et al. 1988) in Populus deltoides 
(cottonwood) and related hybrids. Also, several stem cultures have been successfully 
established in poplar (Whitehead and Giles 1977, Douglas 1984, Rutledge and Douglas 1988, 
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Coleman and Emst 1990, Kang et al. 1994, Agrawal and Gupta 1991, Nadel et al. 1992). 
Nonetheless, the rates of propagation were relatively low from the cultures of intact nodal or 
intemodal segments. 
The objectives of the present studies were to; (1) enhance the efficiency of 
micropropagation with suitable medium containing plant growth regulators, (2) develop a 
technique to maximize shoot formation from explants, (3) reutilize the old stems after the 
production of the initial axillary buds, and (4) investigate shoot formation from the lenticel 
area of the periderm. 
MATERIALS AND METHODS 
Plant Materials 
Nodal segments (3 to 4 cm in length) containing axillary buds were collected from 
two-month-old stock plants of 'Ogy' (Populus deltoides X P. nigra) clone, which were 
maintained under greenhouse conditions. The explants were obtained from the top branches 
of stock plants with succulent tissues. 'Ogy' is a clone selected from the breeding program of 
Vic Steenackers at the Poplar Research Center in Geraardsbergen, Belgium. This clone is a 
good candidate for biomass production because of its fast growth and wood quality 
(Steenackers 1987), Stock plants were grown at 250C under natural day light supplemented 
to a 16h photoperiod by cool white fluorescent lamps. The stock plants were watered twice a 
day and fertilization was performed on a weekly basis with a 20N: lOP : 20K water soluble 
product (Peters Fertilizer Products, W. R. Grace and Co., Allentown, PA), The collected 
nodal segments were immersed in distilled water for 3 hours at room temperature, dipped in 
70% ethanol for 1 minute, sterilized in a solution of 2% sodium hypochlorite for 40 minutes, 
and then rinsed 4 times with sterilized deionized water. 
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Preparation ofExplants 
The explants used in the experiment were: node, intemode, node with the axillary 
bud excised (modified node), and reutilized stem from a previous round of micropropagation. 
The disinfected nodal parts were used for shoot proliferation. The segments were separated 
into node and intemode parts, 2 to 2.5 cm long. Axillary buds were excised from nodal 
explants as the third type of explant. For preparation of reutilized stem as an explant, nodal 
cultures were established in tissue culture vessels (baby food jars from Sigma company, 55 X 
95 mm) containing MS medium without plant growth regulators. After 4 weeks of culture, 
the induced fresh shoot from the axillary bud was removed and then the remaining old stem 
was cultured for the main experiment Each prepared explant was assigned randomly onto 
the media containing the various concentrations of BAP and zeatin for the experiment. 
Shoot-induction Media for Explant Culture 
In vitro cultures were conducted for shoot proliferation on MS medium (Murashige 
and Skoog 1962) supplemented with different types and various concentrations of plant 
growth regulators. From preliminary experiments, a broad zone of concentrations of plant 
growth regulators was determined for shoot proliferation. For shoot induction, two major 
cytokinins, BAP (6-benzylaminopurine) and zeatin, were used at concenttations of 0.1,0.2, 
0.5,1.0,2.0,3.0,4.0,5.0 mg/1 and 0.1,0.2,0.5,1.0,2.0,5.0 mg/1, respectively. BAP was 
added into the medium before autoclaving, whereas zeatin was added through membrane 
filters (0.2 um pore size) after the medium was sterilized. The medium was adjusted to pH 
5.8 with 0.1 N NaOH or HCl before the addition of 0.7% Sigma agar and autoclaved at 1.05 
Kg cm-2 and lll^C for 20 minutes. The nodal cultures were maintained at 26 ± 2^0 with 60 
+ 10% relative humidity, 16h photoperiod, and a photosynthetically active photon flux rate of 
40 to 60 MEm-2s-i from cool white fluorescent tubes. 
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Sample Preparation for Light and Stereo-microscopy 
The preparation of specimens was conducted in the Electron Microscopy Facility at 
Iowa State University. After two weeks culture, lenticel areas producing shoots were excised 
for sample preparation. The specimens were fixed in 4% glutaraldehyde and 3% 
paraformaldehyde in 0.05M cacodylate buffer (pH 7.2) and maintained under vacuum for 15 
min and then stored overnight at A^C. The next day, the specimens were washed in the same 
buffer (3X) for 10 minutes. For double fixation, the specimens were exposed to 1% osmium 
tetraoxide (OSO4) in the same buffer for 1 hour. Fixed specimens were washed 3 times with 
water for 10 minutes, each. After washing, a dehydration procedure was conducted with a 
series of ethanol under rotator (50,70,75, 80,85,90,95,100%, each). The specimens were 
infiltrated with 100% propylene oxide as an intermediate buffer and then embedded in epoxy 
resin for 24 hours in a 60°C oven. The hardened specimens were trimmed and then sectioned 
by an ultramicrotome. Thin sections (1 to 2 wm) were placed on slides and stained with 1% 
toluidine blue in 1% sodium borate, and placed on a hot plate for 30 seconds. Finally, the 
stained specimens were observed through a light microscope (Orthoplan, Germany). 
To prepare specimens for stereo microscopy, stem segments containing lenticels with 
small shoots (1-2 mm in length) were collected and directly put on the stereo-microscope 
stage (Olympus, Japan) to observe the shoot induction. 
Data Collection and Statistical Analysis 
After 4 weeks of initial culture, the number of shoots (> 3 mm) were counted from the 
test materials. Each type of explant was replicated at least six times for each PGR treatment 
level, except the explants of reutilized stem which were replicated nine times. The vessels 
containing the explants were placed randomly in a tissue culture room. The collected data 
were analyzed with the general linear model (GLM) for the analysis of variance. 
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RESULTS AND DISCUSSION 
Shoot Proliferation 
Four explants were tested for shoot proliferation with various concentrations of BAP 
and zeatin. Shoot formation was strongly affected by the type of explant (F < 0.001) and the 
concentration of PGRs (F < 0.001) (Table 1). However, the kind of PGRs, BAP and zeatin, 
did not strongly affect shoot proliferation (F < 0.13). Shoot proliferation from each explant 
type is shown with the optimal concentrations of PGRs (Figure 1-1). After 2 weeks of 
culture, multiple shoots were initiated from each explant. However, the patterns of shoot 
formation were different among four different types of explants. Node culture, as a 
conventional method, produced many shoots from the axillary area. However, intemodes 
and modified nodes had high potentials to increase the rates of shoot production. Most 
multiple shoots were induced from the vascular cambium of the top side of the intemode 
explant (Figure 1-2 and 3). Explants of modified nodes produced more shoots from the 
vascular cambium area as well as from the excised axil area. It appears that removing the 
apical dominance of the axillary bud results in a greater capacity to produce multiple shoots. 
Besides these two origins, several shoots (1 to 5 per explant) were produced from the lenticel 
regions of the explants at various concentrations of PGRs. Moreover, intemode explants 
produced more shoots from the lenticels than the other types of explants (Figure 1-4 to 6). 
The highest concentration (5.0 mg/1) of BAP occasionally induced callus from the excised 
surface area in nodal cultures (Figure 1-7). 
Comparison of Explant Types 
Each explant showed different effective concentrations of PGRs (plant growth 
regulators) for shoot multiplication. Modified nodes produced the highest average number of 
shoots (29.0 ± 0.9) from the treatment with 2.0 mg/1 zeatin (Figure 2). Also, this explant type 
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produced many shoots (16.3 ± 0.7) from the application of BAP. Stem intemodes responded 
best for shoot production (21.7 ± 1.1) in the treatment with BAP (Figure 3). However, intact 
nodal explants gave only 1 to 6 shoots from the treatment with PGRs. Moreover, reutilized 
stem parts generated almost 12 shoots when cultured on MS medium containing 0.5 mg/1 
BAP. The multiple shoots formed from the top of the vascular cambium had an embriod 
appearance. Multiple shoots can be formed from several meristematic regions including bud 
apexes, the vascular cambium, and the phellogen. At high concentrations (2.0 to 5.0 mg/1) of 
PGRs, shoots formed simultaneously from these regions. At lower PGR concentrations, 
shoot initiation started earlier from the cambial and axillary parts and then occurred later 
from lenticels. In general, modified explants had a better capacity to produce multiple 
shoots. This may be due to auxin levels being blocked by the excision of the axillary buds, 
reducing coordinate inhibition of other meristems. The balance of cytokinins might be 
increased without apical tips. 
Several papers have reported on nodal cultures of Populus species on modified MS 
media supplemented with BAP as the cytokinin source (Whitehead and Giles 1977, Douglas 
1984, Nadel et al. 1992). They tested various species of poplars, Populus alba, P. deltoides, 
P. nigra, P. euramericana, P. trichocarpa, P. tremula, etc. However, the efficiencies of in 
vitro propagation were low with the maximum number of shoots reported being 8.4. Zeatin, 
as a cytokinin to induce shoots, was tested on intemode culmres of four different genotypes 
to enhance the propagation rate with Populus deltoides by Coleman and Ernst (1990). They 
suggested that genotype differences strongly affected the induction of multiple shoots. 
Similar results were obtained from our previous work on the in vitro propagation of Populus 
euramericana (Kang et al. 1994). Similar patterns of shoot formation were found in in vitro 
nodal and internal cultures of 25-old-popIar treated with auxins (Agrawal and Gupta 1991). 
They found that most shoots were induced from the upper cut end of the nodal or intemodal 
explants and several shoots were produced from lenticel areas. These results are very similar 
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to our observations on shoot formation. However, shoot production was low (5 to 7 on 
average) without the cytokinin sources. Recently, in vitro nodal culture was reported with 
the physically modified sources of explants as ex vitro and in vitro grown stems in Populus 
abla X P. grandidentata (Son 1991). He suggested that the modification of explants 
increased shoot production compared to intact nodal explants and in vitro sources as explants 
produced more shoots. The report is similar to the present experiment. However, the 
regeneration capacity from ex vitro explants was lower than in our present experiment. 
Observations of Shoot Formation through Stereo and Light-microscopes 
Most shoots were regenerated from the vascular cambial area (top cut end) of 
explants of intemodes and modified nodes. However, some shoots were induced from 
lenticel area, a secondary organ originating from the bark cambium. Shoot formation was 
observed through a stereo-microscope (Figure 1-3 to 5). To investigate more details in cell 
level, the shoot-forming lenticels were sectioned for light microscopy. Figures 1-8 to 9 show 
the cell conformation during the development of shoots. The large holes in Figures 1-8 and 9 
show the position of a lenticel and the arrows point to differentiated meristematic cells that 
give rise to shoot formation. Similar shoot proliferation was shown from intemodal cultures 
of Populus species by Douglas (1984) and Agrawal (1991). They reported that the origin of 
adventitious buds were paranchymatous cells of the vascular cambium. 
The present studies concentrated on shoot formation from different explant types with 
various concentrations of PGRs. Shoot production efficiency was enhanced by the 
modification of the explants. Direct tissue culture methods from greenhouse materials are 
highly reliable to produce plantlets for reforestation (Ahuja 1987, Son and Hall 1990). The 
present study also can be applied for targeting plant segment for genetic manipulation after 
the formation of chimeras with desirable genes. However, the shoots originating from these 
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modified explants still need to be evaluated in experiments to detect what levels of 
somaclonal variation may occur. 
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Table 1. Analysis of variance for the average number of shoots after four weeks culture of 
four different explants of Populus euramericana. 
Source dF SS MS F Value Pr. >F 
Explant 3 4281.15 1427.05 484.30 0.0001 
PGR 1 6.84 6.84 2.32 0.1285 
Concentration 8 3829.54 478.69 162.45 0.0001 
Replication 8 11.73 1.47 0.50 0.8580 
PGR*Con. 6 1421.56 236.93 80.41 0.0001 
Explant*PGR 3 454.81 151.60 51.45 0.0001 
Plant*PGR*Con. 42 3053.51 72.70 24.67 0.0001 
Error 360 1060.78 2.95 
Figure 1. Shoot proliferation from different explants of the 'Ogy' clone (Populus deltoides X P. nigra). (1-1) Multiple shoots 
from the explants of a node (control), node with the axillary bud excised (modified node) (2.0 mg/1 zeatin), reutilized 
stem (0.5 mg/1 BAP), intemode (0.5 mg/1 BAP), and node (2.0 mg/1 zeatin), from left to right, (1-2) shoot formation 
from Ae explants of intemodes, (1-3) shoot initiation from the vascular cambium of a stem intemode, (1-4 to 6) shoot 
initiation and elongation from lenticel, (1-7) shoot induction with a high concentration of zeatin (5.0 m^) from a 
modified node axiU^ bud, (1-8 and 9) longitudinal section of a part of lenticel with a shoot, 26X and 64X, 
respectively, 1: lenticel. 
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Figure 2. The effect of zeatin on shoot proliferation from four different explants 
of the 'Ogy' clone after four weeks culture. The vertical bars on the 
graph show the standard error. 
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Figure 3. The effect of BAP on shoot proliferation of four different explants 
of the 'Ogy' clone after four weeks culture. The vertical bars on the 
graph show the standard error. 
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CHAPTER 5. MORPHOLCXJICAL IN VITRO SHOOT ABNORMALITIES IN HYBRID 
ASPEN (POPULUS ALBA L.X P. GRANDIDENTATAMICHX.) 
A paper prepared for submission to Plant Cell Reports 
Hoduck Kang and Richard B. Hall 
Department of Forestry, Iowa State University, Ames, lA 50011, US A 
ABSTRACT 
Nodal explants of Populus alba X P. grandidentata, 'Crandon' and 'Hansen' clones, 
were cultured in solid MS (Murashige and Skoog) medium to induce axillary buds until 
vitrification began occurring in the leaves of some of the cultured clones. The morphological 
differences in stomates were observed through scanning electron microscopy (SEM) and the 
various cell types were investigated through light microscopy (LM). The stomatal shape was 
circular and inflated in vitrified leaves and the stomatal apertures were larger in vitrified 
leaves of both 'Crandon' and 'Hansen' clones. However, the stomatal densities were similar 
between normal and vitrified leaves. The vitrified leaves were thicker than those of normal 
ones. Mesophyll cells were arranged irregularly and palisade parenchyma were less 
developed in vitrified leaves. Chloroplasts of vitrified leaves were arranged sparsely within 
the larger mesophyll cells whereas they were highly condensed in normal leaves. 
Key words: Populus, nodal culture, leaf vitrification, stomate, scanning electron and light 
microscopy. 
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INTRODUCTION 
Vitrification, also called translucency, hyperhydration, succulency, is defined as a 
morphological, physiological, anatomical disorder of in vitro cultured plantlets (Kevers et al. 
1984, Caspar et al. 1987). Various factors have been suggested to be involved such as media 
types (Earle and Langhans 1975), gelling agents (Debergh 1983), organics (Ziv et al. 1983, 
Zimmerman and Cobb 1989), inorganics (Vieiez et al. 1987), and plant growth regulators 
(Paques and Boxus 1987, Leshem et al. 1988). The clarification of major causes is very 
difficult because the malformation is affected by multiple factors (Paques and Boxus 1987). 
Therefore, the real causes are still unkonwn. 
As physiological phenomena, vitrified leaves have been shown to be involved with 
malfuntional stomata (Brainerd et al. 1981, Ziv et al. 1987, Marin et al. 1988, Miguens et al. 
1993), unorganized mesophyll cells (Earle and Langhans 1975, Vieiez et al. 1987), large 
intercellular spaces (Brainerd et al. 1981), reduced cuticular waxes (Sutter 1985), and low 
chlorophyll content (Ziv et al. 1983). In vitro vitrified plantlets produce few multiple shoots 
for cloning (personal observation) and also have poor acclimatization after transferring into 
soil (Debergh et al. 1981). Therefore, correcting conditions that produce vitrified plants are 
very important for industrialization of tissue cultured plantlets. Several methods for avoiding 
vitrification have been reported by the modification of medium components (McLaughlin 
and Kamosky 1989, Sato et al. 1993). 
Among woody genera, Populus has been extensively studied as a model system of 
biotechnological research. Micropropagation has been used to obtain genetically identical 
plantlets for selection programs. However, it is restricted by the formation of malformed or 
somaclonal variation induced plantlets during in vitro culture. Although there have been 
many reports of vitrification related to fruit or horticultural species such as apple and 
carnation (Sutter and Langhans 1979, Ziv et al. 1983, Leshem et al. 1983, Kevers et al. 1984, 
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Pasqualetto et al. 1986, Paques and Boxus 1987, Blanke and Belcher 1989, Sato et al. 1993), 
there are relatively few reports about woody species (Von Arnold and Ericksson 1984, 
Letouze and Daguin 1987, Marin et al. 1988, McLaughlin and Kamosky 1989). 
The present study is the first report about leaf abnormalities of in vitro cultures with 
Populus species. The objectives of this study were to investigate the abnormalities of leaves 
through scanning electron microscopy and light microscopy. 
MATERIALS AND METHODS 
Plant Materials 
For the induction of axillary buds for in vitro establishment, stem segments (4 to 5 cm 
in length) containing axillary buds were collected from two-month-old upper branches of 
one-year-old greenhouse stock plants (Populus alba L. X P. grandidentata Michx.) of the 
'Crandon' and 'Hansen' clones. Stock plants were grown at 25®C under natural day light and 
fluorescent night light and a 16h photoperiod with cool white fluorescent lamps. The stock 
plants were watered twice a day and fertilized with N: P: K = 20: 10: 20. After removal of 
outer leaves, the nodal explants were soaked in tap water for 2 hours, dipped in 70% ethanol 
for 1 minute, and sterilized in a solution of 2% sodium hypochlorite for 20 minutes. The 
explants were rinsed 3 times with sterilized deionized water and then inoculated on MS 
medium (Murashige and Skoog 1962) without plant growth regulators in Magenta GA-7 
vessels (7.6 X 7.6 X 10.2 cm, Magenta Corp. Chicago, IL). After 4 weeks of initial culture, 
axillary buds were fully expanded from the explants and they were then excised from the 
nodal explants. Both normal and vitrified leaves were collected from the stem cultures and 
used for observation of stomates via scanning electron microscopy (SEM). Both normal and 
vitrified plantlets (7-8 cm long) were cultured on half strength MS medium in Magenta GA-7 
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vessels for shoot elongation. After 6 weeks, normal and vitrified leaves were collected from 
the elongation medium and used for light microscopy (LM) with thin sections. 
Sample Preparation for Scanning Electron and Light-microscopes 
The specimens were prepared in the Bessey Electron Microscopy Facility at Iowa 
State University. For both SEM and LM, vitrified leaves were cut into small pieces (5-6 
mm2), fixed in 4% glutaraldehyde and 3% paraformaldehyde in 0.05M cacodylate buffer (pH 
7.2), and stored overnight at 4^0 under vacuum conditions. After the fixation, the specimens 
were washed 3 times in the same buffer for 10 minutes, each. Osmium tetraoxide (OSO4, 
1%) was used for post fixation in the same buffer for 1 hour and the specimens were washed 
3 times with water for 10 minutes, each. The dehydration procedures were conducted with a 
series of ethanol (50,70,75,80, 85,90,100%). For SEM, the specimens were dried to 
critical point with a 1: 1 1(K)% ethanol: hexamethyldilazane solution and then dried two 
additional times with pure hexamethyldilazane. The specimens were finally mounted on 
brass discs and coated in a Polaron E5100 Sputter coater with a platinum and palladium 
target (60:40). Specimens were studied with a JEOL JSM-35 SEM at 20kV. 
For the preparation of thin sections for LM, the dehydrated specimens were infiltrated 
with 100% propylene oxide, followed by embedding in epoxy resin. The embedded 
specimens were trimmed and sectioned by an glass knife on a Reichert Ultracut E 
ultramicrotome. Thin sections (1-2 um) were placed on slides, stained with 1% toluidine 
blue in 1% sodium borate, and placed on a hot plate for 30 seconds. Finally, the stained 
specimens were observed with an Orthoplan light microscope. 
Culture Condition and Statistical Analysis 
Node explants cultured on MS medium were maintained at 26 + 2^C with a 16h 
photoperiod and a photosynthetically active photon flux rate of 40-50 uEm-^s-^ from cool 
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white fluorescent tubes. Data on stomate areas (wm^) and numbers per 27 mm^ were 
collected from the culture. The SEM negatives were placed on a projector (Solid State 
Camera) for the further magnification of the images of stomatal apertures and then the 
apertures were measured by an Image Analysis Program (Colorado Video Camera). Each 
specimen of 'Crandon' and 'Hansen' clones was replicated 3 to 5 times. Data were analyzed 
by the general linear model (GLM) of analysis of variance tests. 
RESULTS AND DISCUSSION 
In Vitro Establishment 
Shoot abnormalities developed in some stem cultures on MS medium without plant 
growth regulators. The rate of leaf vitrification in the 'Crandon' clone was about 20% while it 
was less than 5% in the "Hansen' clone. Ordinarily, in vitro establishment of the 'Hansen' 
clone is easier than for the 'Crandon' clone. The sequential subcultures of in vitro plantlets 
were highly affected by vitrification and the capacity for multiple shoot formation was very 
weak from the vitrified plant materials. Figure 1-1 and 1-2 exhibit phenotypic differences 
between normal and vitrified leaves of the 'Crandon' clone. While normal plantlets have thin, 
broad leaves, vitrified plantlets have thick, narrow, wrinkled, translucent leaves. Shoot 
elongation of vitrified plantlets gave abnormal patterns with small round leaves and rare 
secondary roots (Figure 1-3). 
Stomatal Morphological Differences 
Stomatal conformation was viewed on the abaxial side of normal and vitrified leaves 
through SEM. The stomatal shape of vitrified leaves was ckcular and inflated, whereas 
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normal leaves had ovate shaped stomates. The differences may indicate that the stomates of 
vitrified leaves are probably non-functional. These results are similar to those of Ziv et al. 
(1987) who reported that the stomate aperture in vitrified leaves is more rounded in contrast 
to the elliptical pore in normal leaves. Stomatal areas were significantly different between 
the leaf types of normal and abnormal plantlets (F < O.CKXM, Table 1, Figure 1-4,1-5, Figure 
2). Stomatal areas were also different in the clones of 'Crandon' and 'Hansen' (F < 0.0014, 
Table 1, Figure 2). Figure 2 shows that the stomatal aperture was larger in vitrified leaves 
than in normal leaves: normal 'Hansen' (22.17 ± 5.5); vitrified 'Hansen' (39.27 ± 3.63); 
normal 'Crandon' (31.79 ± 2.54); vitrified 'Crandon' (72.27 ± 8.37). There was no difference 
in stomatal densities from the leaf types (F < 0.76). However, the clones showed differences 
in stomatal densities (F < 0.05, Table 2, Figure 2). Figure 2 represents the differences of 
stomatal densities in normal and vitrified leaves: normal 'Hansen' (5.2 ± 0.73); vitrified 
'Hansen' (5.5 ± 0.65); normal 'Crandon' (4.0 ± 0.58); vitrified 'Crandon' (4.0 ± 0.58). The 
stomatal apertures from vitrified leaves were larger than those from normal leaves in 
carnation (Ziv et al. 1987, Marin et al. 1988). Stomatal density has varied in vitrified 
specimens in other species along with the abnormalities in size and shape (Ziv et al. 1987, 
Paques and Boxus 1987). 
Cell Type Differences 
Microscopic studies of thin sections revealed further differences between normal and 
vitrified leaves in cellular organization. Figures 3-1 and 3-2 show cellular structures of 
normal leaves, whereas Figures 3-3 and 3-4 show abnormalities of vitrified leaves in the 
'Crandon' clone. In normal leaves, cells were arranged in a compact manner and vascular 
bundles were well developed (Figures 3-1,3-2). However, their development was not 
expanded in the vitrified leaves (Figures 3-3,3-4). Also, the palisade cells were rarely 
developed whereas spongy parenchyma cells were present with an unorganized distribution 
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in the vitrified leaves (Figures 3-3,3-4). Other reports have noted the reduction of palisade 
parenchyma in vitrified leaves of Cynara scolymus (Debergh et al. 1981), Dianthus 
caryophyllus (Ziv et al. 1983) and Castanea sativa (Vieitez et al. 1987). The normal leaves 
were thinner than in the vitrified leaves. The cells of vitrified leaves were surrounded with 
thinner walls and epidermal cells were less developed (Figure 3-4). These might be 
attributed to insufficient lignification (Kevers 1984). These same morphological 
abnormalities also found in the 'Hansen' clone of aspen (Figure 3-5 to 3-8). Again, cell 
arrangement in the vitrified leaves was more sparse with large intercellular spaces than in 
normal plantlets (Figure 3-5,3-6). Similar results were reported for the mesophyll cells of 
vitrified Picea abies showing they were interspersed with large air spaces (Von and 
Ericksson 1984). Also, the cells in vitrified leaves were larger than in the normal ones 
(Figure 3-7,3-8). The enlargement might be due to the cytoplasmic vacuolation of 
mesophyll cells under in vitro conditions (Leshem 1983). 
In general, the establishment of in vitro systems is more difficult in woody species 
because of the rejuvenation problem. Shoot abnormalities of in vitro cultures have been 
intensively studied in horticultural species such as carnation (Ziv et al. 1983). However, only 
a few papers have been published in relation to vitrification in woody species such as Larix 
(McLaughlin and Kamosky 1989) and Salix (Letouze and Daguin 1987). In vitro 
vitrification has been controlled by lowering the cytokinin concentrations (Larix) and by the 
modification of ammonium ions of medium components (Salix). In tissue culture with 
woody plants, several important factors such as explant ages, culture types, and plant growth 
regulators should be considered for in vitro establishment. In future studies, we need to find 
those factors that will reduce vitrification in Populus species. 
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Table 1. Analysis of variance by General Linear Model for the average area of stomates after 
four weeks culture on Murashige and Skoog medium with Populus alba X P. 
grandidentata, 'Crandon' and 'Hansen' clones. 
Source dF SS MS F Value Pr.>F 
Clone 1 1783.45 1783.45 22.69 0.0014 
Leaf type 1 2618.44 2618.44 33.31 0.0004 
Replication 4 1082.42 270.60 3.44 0.0644 
Error 8 628.92 78.62 
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Table 2. Analysis of variance by General Linear Model for the number of stomates after four 
weeks in vitro culture of Populus alba X P. grandidentata. 
Source dF SS MS F Value Pr. > F 
Clone 1 6.40 6.40 5.38 0.0490 
Leaf type 1 0.12 0.12 0.10 0.7596 
Replication 4 10.36 2.59 2.17 0.1624 
Error 8 9.52 1.19 
Figure 1. Shoot vitrification from stem nodal cultures of Populus alba L. X P. grandidentata Michx., 'Crandon' clone: 
(1) Normal shoot induced from axillary bud, (2) Vittified shoots induced from axillary bud, (3) Shoot elongation 
on the half strength of MS medium, (4) Normal stomate of non-vitrified leaf, 2400X, (5) Abnormal stomate of 
vitrified leaf, 2400X. 
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Figure 2. The mean area and the number of stomates of hybrid aspen (Populus alba 
X P .  g r a n d i d e n t a t a ) ,  'Crandon' and 'Hansen' clones cultured on MS medium 
for four weeks. The units of stomatal areas and numbers are um^ and 27 mm^. 
Figure 3. Morphological characteristics of leaf vitrification in the culture of Populus alba X P. 
grandidentata. (1) Normal leaf of 'Crandon' clone, X138, (2) Adaxial orientation of 
normal 'Crandon' clone, X138, (3,4) Abnormal leaf of 'Crandon' clone, X138, (5) 
Normal leaf of 'Hansen' clone, X138, (6) Abnormal leaf of 'Hansen' clone, X138, 
(7) Normal leaf of 'Hansen' clone, X 334, (8) Abnormal leaf of 'Hansen' clone, X 
334. I; enlarged intercellular space, M; spongy mesophyll, P; palisade parenchyma. 
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ABSTRACT 
The resistance of a non-transgenic poplar clone, 'Ogy' and three transgenic poplar 
lines to the cottonwood leaf beetle, Chrysomela scripta F., was evaluated by in vitro feeding. 
The lines were transformed with neomycin phospho-transferase II (NPT H) as a selectable 
marker, proteinase inhibitor II (pin2) as a resistance gene, and CaMV 35S as a promoter. An 
efficient method of sterilizing the beetle eggs and introducing them into plant tissue cultures 
was developed. The resistance of the transgenic lines was investigated in terms of effects on 
leaf area consumed, insect weight, insect developmental stages, and plantlet root dry weight 
after feeding. Also, leaf area consumed was examined by leaf age as measured through leaf 
plastochron index (LPI). The leaf area consumed and insect weight were highly significant 
between transformants and control, and insect development in vitro was significant among 
the transgenic lines. Larval infestation was the most severe around LPI 4 to 5 which were 
young leaves. The system provided a quick, highly controlled method to screen developing 
transgenic plantlets directly. 
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INTRODUCTION 
The genus Populus has many advantages as a model system for biotechnological 
research in trees because it contains a wide genetic diversity, many species hybridize readily, 
and most sections propagate relatively well. Populus species are grouped into three primary 
sections; Leuce (aspen), Aigeiros (cottonwood), and Tacamahaca (balsam poplar). The 
poplars are a focus for short-rotation biomass-energy research (Ranney et al. 1985, Hall et al. 
1991). 
The cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: Chrysomelidae), is a 
multivoltine insect considered to be the major leaf defoliator of Populus plantations (Burkot 
and Benjamin 1979, Harrell 1980). Defoliation reduces height growdi as well as promoting 
access by secondary pathogens (Kulman 1971, Rickenbacker 1994). The beetle prefers 
succulent tissue containing high concentrations of nutrients (Harrell et al. 1982, Bingaman 
and Hart 1992). 
In natural populations, the cottonwood leaf beetle exhibits non-preference for Leuce 
(aspen spp.) whereas the insect shows preference for Aigeiros and Tacamahaca sections 
(Caldbeck et al. 1978). Most Populus deltoides clones and many hybrids from the Aigeiros 
section were preferred in multiple choice tests (Bingaman and Hart 1992). Several papers 
have been reported the preference of the beetles for different clones (Caldbeck et al. 1978, 
Harrell et al, 1981, Bassman et al. 1982, Bingaman and Hart 1992). To test clonal 
preference, Harrell et al. (1981) selected 12 hybrid poplar clones. They suggested that the 
adult beetle exhibited non-preference for the Leuce section. They preferred 100% 
Tacamahaca to 100% Aigeiros. However, the hybrids derived from these sections showed 
various levels of infestation. Tissue-cultured plantlets have been used in ex vitro tests of 
beetle preference with Populus euramericana hybrid clones (Harrell et al. 1982). In vitro 
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insect colonization studies have been reported with spruce budworm (Retnakaran and French 
1971) and northern fowl mites (Carroll et al. 1992). 
To improve resistance of trees by biotechnological methods, the focus has been on 
antibiosis, in which the biology of the pest insect is adversely affected. So far, two strategies 
have been considered in Populus species: (1) endo-toxin genes from Bacillus thuringiensis 
{B.t.), (2) proteinase inhibitor genes (PI) from potato. Bacillus thuringiensis is a gram-
positive soil bacterium characterized by its ability to produce crystalline inclusions during 
sporulation in the midgut of insects. The insecticidal toxins are relatively pest-specific with 
different strains of B.t., affecting lepidopterans (Knowles and Ellar 1988), coleopterans 
(Hermstadt et al. 1986), and dipterans (Tyrell et al. 1979). The B.t. endotoxin gene has been 
transformed into the 'Crandon' clone {Populus alba X P. grandidentata) and P. nigra x P. 
trichocarpa by a method of electric discharge particle acceleration (McCown et al. 1991). 
Proteinase inhibitors are small proteins which occur naturally in plants, animals, and 
microorganisms, that inhibit the action of digestive enzymes in the insect midgut (Ryan 
1989). Proteinase inhibitors in plants are used as a defense from herbivores and adversely 
affect insect growth (Broadway et al. 1986). The transformation systems with proteinase 
inhibitor gene (pin 2) were conducted in the 'Hansen' and 'Crandon' clones {Populus alba X 
P. grandidentata) and the 'Ogy' clone {Populus deltoidesX P. nigra) by an Agrobacterium 
binary vector system (Chun et al. 1988, Heuchelin et al. 1991, Klopfenstein et al. 1993). The 
'Ogy' clone is a hybrid introduced from Belgium, where it was selected for its fast growth and 
good wood quality (Steenackers 1987). 
An in vitro feeding method using in situ plants has not been reported for the early 
selection of transgenic plants. The objectives of this study were to evaluate the potential of 
the proteinase inhibitor gene II (pin 2) to confer subtle resistance to a major pest of Populus 
species and the feasibility of using tissue-culture materials in situ for more rapid screening of 
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transformed materials. This experiment was conducted as a no-choice test in Magenta plastic 
cages which have the advantage of protecting test insects from predation and parasitism. 
MATERIALS AND METHODS 
Plant Materials 
The base clone for the study was 'Ogy' (JPopulus deltoides X P. nigra) which is a 
preferred host for the cottonwood leaf beetle. The heaviest damage occurs during the larval 
stage in the insect life cycle. The 'Ogy' clone was selected at the Poplar Research Center in 
Geraardsbergen, Belgium (Steenackers 1987). 
Three transformed (Tr 3A, 5B, and lOA) lines of 'Ogy' were available from a previous 
study (Heuchelin et al. 1991) The transgenic lines were produced from leaf culture with a 
binary vector of Agrobacterium tumefaciens containing the plasmid pRT104 and a disarmed 
EHAlOl helper plasmid. The plasmid pRT104 (17.0 kb) was composed of the NPTII 
selectable marker with the NOS promoter, CaMV-35S promoter, and the proteinase inhibitor 
n (pin2) in the T-DNA region. Proteinase inhibitors are small proteins that block the 
functional gene with a CaMV-35S promoter producing trypsin-like-enzymes in the digestive 
system in insects. In previous studies, the selected lines were tested for the expression of the 
proteinase inhibitor gene n (pin 2) by Southern and Western blots. Among the transgenic 
lines, Tr 5B was the most consistent transformant (Heuchelin 1992). 
The stock plants of the 'Ogy' clone and the three transgenic lines were maintained at 
250c under natural day light and fluorescent night light (16 : 8) in the Iowa State University 
Forestry greenhouse. The stock plants were treated weekly with fertilizer (N: P : K = 20: 10 
:20). 
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In vitro Establishment for Insect Feeding 
Stem segments (2-raonth-old) containing axillary buds from 'Ogy' parental and 
transformed lines were collected from actively growing greenhouse stock plants. The outer 
leaves were removed from the collected buds and the buds were rinsed with tap water. The 
explants were dipped in 70% ethanol for 1 minute, sterilized in a solution of 2% sodium 
hypochlorite for 40 minutes and finally rinsed three times with sterilized deionized water. 
The explants were cultured in test tubes (2.4 X 15 cm) on MS (Murashige and Skoog 1962) 
medium containing N and N vitamin mix. (Nitsch and Nitsch 1969) witiiout plant growth 
regulators. After developing shoots were proliferated, three elongated shoots were 
transferred to each Magenta GA-7 vessel (7.6 X 7.6 X 10.2 cm. Magenta Corp. Chicago IL) 
with 80 ml of the medium containing 0.02 mg/1 NAA (Naphthaleneacetic acid) for shoot 
elongation. To maximize the room for plant expansion in vitro, two Magenta vessels were 
combined by means of a coupler. After 2 months, the fully elongated shoots served as the 
source of feeding materials under in situ conditions. Leaves on the cultured plants were 
identified using the Leaf Plastocron Index (LPI) system (Larson and Isebrands 1971). The 
top developing leaf Gess than 20 mm) was designated LPI 0. The numbers of each LPI were 
then assigned from the apex to base. 
Insect Rearing and In Vitro Sterilization 
Adults of the cottonwood leaf beetle were collected from a central Iowa plantation in 
late May and in early July, 1994. The adults (20 to 30 individuals) were reared in crispers 
(26.4 X 19.2 X 9.5 cm) in a culture room at 23 ± 2^C. Succulent leaves of less than LPI 10 
from Populus deltoides (pure lines) were used as food sources for the colony. Fresh leaves 
were provided to the beetles with a period of every 2 or 3 days. The colony was monitored 
for signs of contamination. For each experiment, a new colony of beetles was established 
from field collections. Egg masses were used to initiate co-cultures with the in vitro plant 
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materials. The egg masses were separated by treatment with sodium hydroxide (1.0%) and 
shaking for 10 minutes. The separated eggs were rinsed with distilled water. The eggs were 
disinfected by soaking in sodium hypochlorite (0.1%) for 1 min. Finally, eggs were rinsed 
four times with distilled water and surface dried on sterilized filter paper under a laminar air­
flow hood. After they were completely dry, the separated eggs (8 to 10) were inoculated onto 
the LPI4 leaf of test plantlets using a sterilized paint brush. The in vitro cultures were 
continued for 12 days after egg placement at 230C ± 2 with a photoperiod of 16L : 8D. After 
12 days, both test plantlets and feeding insects were collected for measurement of leaf area 
consumption and insect weight. Total amounts of leaf area consumed from each LPI leaf 
were measured by a Delta T area meter (model MK-2). Simultaneously, insect 
developmental stages were recorded and root dry weights also were measured after the 
feeding had occurred. 
The experiment was conducted twice with a total of 5 replications of the transgenic 
lines and 8 replications of the parental line. A replication consisted of 3 plantlets of a single 
line in a Magenta box. Data were analyzed for leaf area consumption, insect weight, insect 
developmental stages, and root dry weight by the general linear model (GLM) of analysis of 
variance. 
RESULTS AND DISCUSSION 
After two months, plantlets were fully elongated on MS medium in coupled Magenta 
GA-7 vessels. Sodium hydroxide (1.0%) and sodium hypochlorite (0.1%) worked well for 
separation and disinfection of eggs of the cottonwood leaf beetle. The hatching rate from 
sterilized eggs was about 63%. Some eggs did not hatch due to damage during the 
inoculating procedures on the leaves of test plantlets. In preliminary tests, ethanol (70%) was 
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applied to promote disinfection of eggs for 1 minute. However, most eggs were killed by this 
treatment. A sterilization method for cottonwood leaf beetle has been previously reported 
(Bauer 1990). However, the concentrations of both chemicals used were so low that the 
contamination from microorganisms was not entirely eliminated. 
The parental and transgenic lines were tested in preliminary bioassays with the 
cottonwood leaf beetle. Factors affecting in vitro feeding experiments might be insect 
density, plantlet maturation, feeding time, and environmental conditions such as photoperiod 
and temperature. From the preliminary tests, the density of larva and the duration of in vitro 
feeding were determined for the main experiments. A density of 8 to 10 larva was suitable 
with a period of 12 days feeding. An occasional larva would fall off a leaf, stick to the agar, 
and die. Therefore, results were based on the number of larvae surviving at the end of the 
experiment. The results of mean leaf area consumption were significandy different (P < 
0.0001) among the plant lines and by LPI (P < 0.0001) of each plant source (Table 1 and 
Figure 1). After sterilized eggs hatched in vitro, the larvae started to feed on the leaves 
around LPI 4 and then moved onward to other succulent leaves. The patterns of infestation 
appeared heavier around LPI 4 where the eggs were placed (Figure 1). The parental (non-
transgenic) line seemed to have a wider range of infestation across the LPI. Similar results 
were reported from ex vitro feeding studies of cottonwood leaf beetle (Harrell et al. 1982, 
Bingaman and Hart 1992). Figure 2 shows the mean total leaf area consumed from each of 
the plant lines ('Ogy', 1275.50 ± 43.70; Tr 3A, 759.10 ± 62.47; 5B, 730.67 ± 60.29; lOA, 
696.94 ± 49.0 mm^ per insect). The least infestation occurred in Tr lOA, at half the level of 
the parental line 'Ogy'. There were only small differences among transgenic lines in leaf area 
consumed. 
After larvae fed for 12 days, the weights of insects were measured (N = 105 insects). 
The mean weights were significantly different (P < 0.0022) among the feeding sources 
(Table 2). Also, there were significant differences (P < 0.03) among the replications. Figure 
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3 represents the mean weights of insects after the feeding on each line ('Ogy', 35.41 + 1.09; 
Tr 3A, 30.26 ± 1.08; 5B, 29.41 + 1.42; and lOA, 31.44 + 2.13 mg). In terms of insect 
weight, Tr 5B seemed to have the most effect. The larva consumed more food from the 
plantlets of the parental line (non-transgenic), and probably were digesting it more 
thoroughly than was the case with the transgenic lines. 
Insect developmental stages were analyzed in the experiment. In preliminaiy 
experiments, insect stages were observed from in vitro feeding tests with the 'Ogy' clone. 
Surface sterilized eggs hatched in vitro three days after initial inoculation. Larva and 
prepupa stages took nine and three days, respectively. Therefore, 12 days was chosen as the 
duration of feeding for the main experiment. These developmental stages were used to 
analyze insect maturation. The developmental stages were also significantly different (P < 
0.038) among the insects of each transgenic line tested (Table 3). It was highly significant (P 
< 0.0(X)1) within the replications of the lines. Each stage of the insect tested was coincided 
simultaneously within the lines when the feeding was finished. When data of insect 
developmental stage were collected, each stage was recorded as 3 for larvae, 12 for prepupae, 
and 15 for pupae as developmental days. Figure 4 represents the mean insect developmental 
stages in each transgenic lines ('Ogy', 10.84 ± 0.94; Tr3A, 9.25 ± 0.96; 5B, 9.05 ± 1.0; lOA, 
8.0 ±1.3 days). By the mean data of insect developmental stages, every line containing non-
transgenic line was under prepupae stage. Among the transgenic lines, the insect 
development was much more suppressed in TrlOA theoretically due to blocking of the 
enzymatic system of the insect midgut. 
After the feeding data were collected from the in vitro experiment, root dry weights 
were measured. Differences were only significant at the level (P < 0.088) among the 
transgenic lines. The weights were heavier in transgenic lines than in the parental line with 
or without feeding. Transgenic line TrlOA had the heaviest root weight (0.30 ± 0.09 g) 
compared to 'Ogy' with feeding (0.17 ± 0.08 g) or 'Ogy' without feeding (0.18 g). These 
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results probably reflect the lower infestation rate on the transgenic lines. However, there 
were insufficient transgenic plantlets to run a direct comparison between the effects of 
feeding and non-feeding on root weight. 
For the preference of feeding and oviposition, mechanisms are classified into physical 
J 
and chemical characteristics of host plants. Leaf morphology (age, shape, color, and 
trichomes) and nutritional values (water, sugar contents) all affected the selection of hosts by 
herbivorous insects (John 1975, Raupp 1985). Conventionally, clonal preferences of the 
Cottonwood leaf beetle have been studied in the ex vitro condition (Caldbeck et al. 1978, 
Wilson 1979, Meyer and Montgomery 1987) and on laboratory bioassays (Harrell et al. 
1981). These previous results showed that the Aigeiros section of Populus was highly 
susceptible whereas the Leuce section (aspen) and the aspen hybrids were not preferred for 
feeding and oviposition. Young succulent leaves were more preferred for host selection 
because they contained more nutrition and less defensive chemicals. Secondary metabolites 
such as phenolics and phenolic glycosides in Populus are used as defense chemicals against 
insect pests (Levin 1971, Harbome 1985). The amount of phenolic glycosides in Populus 
clones have been quantitatively assayed in quaking aspen (Populus tremuloides) (Lindroth 
and Hemming 1990), Populus deltoides, and some hybrids (Bingaman and Hart 1993). 
These papers suggested that the high concentrations of glycosides preferred for feeding and 
oviposition. 
Succulent leaves regenerated from tissue culture previously have been tested in ex 
vitro trials for feeding preference (Burkot and Benjamin 1979, Harrell et al. 1982). The 
results suggested that adult beetles preferred the younger, more succulent leaves. Similar 
feeding techniques were conducted with ex vitro conditions with transgenic lines of 'Crandon' 
and 'Hansen' clones (Populus alba x P. grandidentata) to evaluate their resistance to different 
insects (McCown et al. 1991, Allen 1992). Transgenic lines of'Crandon' expressing CaMV 
35S-BT {Bacillus thuringiensis) were tested for lepidopteran insects (forest tent caterpillar 
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and gypsy modi). The larva survival and the larva weight gain were significantly decreased 
by the feeding of transgenic plants (McCown et al. 1991). Also, transgenic 'Hansen' and 
'Crandon' (Populus alba x P. grandidentata) producing proteinase inhibitor n (pin 2) were 
tested with the willow leaf beetle by single and multiple generation tests (Allen 1992). The 
levels of infestation, pupae weight, and insect developmental time were shown to differ 
among the tested host lines. 
For the selection of transgenic plants, we developed a new technique. For the first 
time, we report an in vitro feeding method with in situ conditions for more rapid screening 
with transgenic plantlets. The results suggest that this method is feasible for screening of 
transgenic poplars over shorter time periods with more environmental control. Of course, to 
be fully validated, the technique needs to be compared to field tests of the same transgenic 
lines. 
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Table 1. Analysis of variance for the mean leaf area consumed per larvae after 12 days 
feeding with two-month-old m v/rro plantlets. 
Source df SS MS F Value Pr.>F 
Line 3 115802.75 38600.92 23.25 0.0001 
LPI 12 662031.52 55169.29 33.23 0.0001 
Line*LPI 36 67459.07 1873.86 1.13 0.2909 
Error 260 431683.42 1660.32 
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Figure 1. Mean leaf area consumed per larvae of cottonwood leaf beetle on the 'Ogy' 
clone as tested by LPI. The vertical bars on the graph represent the standard 
error. 
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Figure 2. Mean total leaf area consumed per larvae after 12 days feeding on 
two-month-old 'Ogy' clone plantlets. The vertical bars on the graph 
represent the standard error. 
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Table 2. Analysis of variance for mean insect weight after 12 days feeding 
with tissue cultured plantlets of the 'Ogy' clone. 
Source df SS MS F Value Pr.>F 
Line 3 639.41 213.14 5.29 0.0022 
Replication 7 659.49 94.21 2.34 0.0318 
Line*Rep. 13 741.16 57.01 1.41 0.1709 
Error 81 3265.45 40.31 
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Figure 3. Mean insect weight of cottonwood leaf beetle after 12 days feeding 
on Ae'Ogy'clone and its transgenic derivatives. The vertical bars 
on the graph represent the standard error. 
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Table 3. Analysis variance for mean insect developmental stage of maturation after 12 days 
m v/7ro feeding on the'Ogy'clone. 
Source df SS MS F Value Pr.>F 
Line 3 99.45 33.15 2.95 0.0376 
Replication 7 1749.11 249.87 22.22 0.0001 
Line*Rep. 13 182.88 14.07 1.25 0.2602 
Error 81 910.78 11.24 
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Lines 
Figure 4. Mean insect developmental stage after 12 days feeding with 
two-month-old tissue cultured plandets. The vertical bars on 
the graph represent the standard error. 
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Table 4. Analysis of variance for root dry weight of tissue cultured plantlets of the 'Ogy' 
clone after 12 days feeding with cottonwood leaf beetle. 
Source df SS MS F Value Pr. > F 
Line 4 0.04736 0.01184 2.41 0.0875 
Error 18 0.08856 0.00492 
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Figure 5. Mean root dry weight of tissue cultured plantlets of the 'Ogy' clone after 12 
days feeding with cottonwood leaf beetle. OGY NF and OGY F represent 
the non-transgenic line without feeding and with feeding, respectively. The 
vertical bars on the graph represent the standard error. 
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OVERALL SUMMARY AND DISCUSSION 
In an advanced biotechnology program, several aspects were studied with Populus 
species: (1) light and scanning microscope studies of shoot formation in developing ovules of 
cottonwood (Populus deltoides), (2) shoot proliferation from alternative in vitro nodal cultures 
of cottonwood hybrid {Populus deltoides X P. nigra), (3) morphological in vitro shoot 
abnormalities in hybrid aspen (Populus alba L. X P. grandidentata Michx.), (4) early screening 
of resistance to the cottonwood leaf beede in a transgenic poplar {Populus deltoides X P. 
nigra). 
Immature ovules of cottonwood were cultured on WPM medium and shoot formation 
was observed. Even though most shoots were formed from immature embryos, the ends of 
expanding cotyledons also produced small clumps of shoots. The maturity of embryos had a 
strong influence on the production of multiple shoots. The highest number (56.1 + 7.4) of 
shoots was obtained with immature ovules after 20 days from pollination by the treatment with 
a high concentration of zeatin (5.0 mg/1). Overall, the average percent of in vitro germination 
was over 96.6 ± 4.2% and the survival rate was 97% after transplanting into soil. Similar 
studies have been reported for ovule culture of cottonwood (Kouider et al. 1984). However, 
the efficiency was quite low for shoot production (2 to 30 multiple shoots) with their treatment 
with BAP. The present study showed that zeatin was more effective than BAP for shoot 
proliferation of cottonwood. 
The main advantage of ovule cultures is in rescuing embryos from abortion due to the 
incompatibilities between intra- or inter-specific crosses. Among various explants, immature 
ovules have high potentials for early cloning of a combination of diverse genetic materials from 
selected parent sources. Regeneration from leaf explants has never been reported in pure 
cottonwood because of the difficulties of in vitro establishment. Therefore, ovule culture can 
provide for genetic transformation via a particle bombardment system. In previous works, 
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Agrobacterium-mediaied and the direct transformation were conducted with immature ovules of 
Cottonwood. However, the Agrobacterium-mediated system did not give regeneration into 
plantlets. 
Cultures were conducted with four different explants of a cottonwood hybrid. Most 
shoots were formed from axillary meristems and vascular cambial areas of explants. However, 
some shoots also originated from the lenticel, a respiratory organ in stems. Even though the 
intact node explant was capable of producing quite a few shoots, intemodes and modified 
nodes increased the levels of multiple shoot production. Furthermore, the explants of reutilized 
stem produced more shoots than those of the original node explants. 
To investigate shoot formation from lenticels, microscopy was applied to intact and 
sectioned specimens. Differentiated meristematic regions were clearly shown from the 
sectioned specimens of lenticels. Previously, nodal cultures have been reported with various 
species of poplars (Agrawal and Gupta 1991). Even though the pattern of shoot formation was 
similar to the present studies, shooting abilities were quite low from their studies. Physically 
modified stems, grown under in vitro and ex vitro conditions, were investigated for shoot 
formation (Son 1991). He found that the modification of explants could increase shoot 
production compared to intact nodal explants and that in vitro sources also produced more 
shoots. 
The present studies can be applied to targeting specific tissues for genetic manipulation 
after the formation of chimeras with desirable genes. It also will be important to see how much 
somaclonal variation is present in multiple shoots of different origins. 
Even though many studies have been conducted on shoot propagation with Populus 
species, physiological studies have been rarely reported in the area of in vitro cultures. In vitro 
shoot abnormalities were investigated by examining stomata and cell types through scanning 
electron and light microscopes. Vitrification is a big barrier to micropropagation and 
germplasm conservation in tissue culture because the vitreous plantlets produce only a few 
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shoots and also have poor acclimatization to soil conditions. The rate of vitrified plantlet 
formation was more frequent in the 'Crandon' clone than in the 'Hansen' clone. The 
morphological differences were shown to be thick, narrow, wrinkled types from vitrified 
leaves. The stomatal aperture of vitrified leaves was circular and inflated, whereas an ovate 
shape was observed in normal leaves. The areas of stomatal apertures were larger in vitrified 
leaves of both clones. Cell types of vitrified leaves were compared to those of normal leaves. 
Vascular bimdles were less developed and palisade cells were rarely developed whereas 
spongy parenchyma cells were present with an unorganized distribution in vitrified leaves. 
Chloroplasts of vitrified leaves were arranged sparsely within larger mesophyll cells whereas 
they were highly condensed in normal leaves. 
Early screening studies were conducted with transgenic poplar to evaluate the potential 
of the proteinase inhibitor gene n (pin2). This system provided a possibility to screen directly 
in vitro resistance levels of transgenic plantlets. The resistance of transgenic lines was 
investigated in terms of effects on leaf area consumed, insect weight, insect development, and 
plantlet root dry weight after feeding. The leaf area consumed and insect weight were highly 
significant between transformants and control plantlets and also insect development was 
significantly affected among the lines. The best resistance was shown in transgenic line, 
TrlOA. 
Cottonwood leaf beetle as a major defoliator prefers succulent tissue containing high 
concentrations of nutrients (Harrell et al. 1982, Bingaman and Hart 1992). Therefore, tissue-
cultured plantlets can be used as a desirable feeding material to test the level of resistance. 
Previously, tissue-cultured plantlets have been used in ex vitro tests of beetle preference 
(Harrell et al. 1982). As another advantage, in vitro feeding can protect test insects from 
predation and parasitism. Similar insect feeding studies were conducted under ex vitro 
conditions with the transgenic lines of the 'Crandon' and 'Hansen' clones to evaluate their 
resistance to the forest tent caterpillar and gypsy moth (McCown et al. 1992). They reported 
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that transgenic lines expressing the Bacillus thuringiensis toxin gene increased the mortality of 
test insect larvae. 
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